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ABSTRACT OF THESIS 
 
EVALUATION OF L-METHIONINE BIOAVAILABILITY IN NURSERY PIGS 
 
DL-Methionine (Met) has been conventionally used in swine diets with 
assumption of similar bioefficacy with L-Met. However, because L-Met is the form that is 
utilized by animals for protein synthesis, L-Met could, theoretically, be more available. 
Four experiments were conducted to evaluate L-Met bioavailability in nursery pigs with 
21-day growth trials. A total of 105,105,112 and 84 crossbred pigs were used in Exp. 1, 2, 
3 and 4, respectively. Each experiment had a low Met basal diet and 3 levels of the Met 
sources (DL-Met and L-Met). In addition to the basal diet, supplementation levels were 
0.053%, 0.107% and 0.160% in Exp. 1, 0.040%, 0.080% and 0.120% in Exp. 2, 0.033%, 
0.067% and 0.100% in Exp.3, 0.040%, 0.080% and 0.120% in Exp. 4. Body weight (BW), 
average daily gain (ADG), average daily feed intake (ADFI), gain: feed (G:F) were 
measured and plasma urea nitrogen (PUN) was analyzed in blood samples weekly. In Exp. 
3 and 4, preference studies were conducted with the basal diet and the second highest 
level of each Met source. When additional DL-Met or L-Met were supplemented to the 
basal diet, BW, ADG, ADFI, and G:F ratio increased (P < 0.05). In the comparison 
between the DL-Met and L-Met diets in Exp. 1, pigs in the L-Met group had greater ADG 
and G:F ratios in the d 0-7 (P < 0.05) period than those in the DL-Met group. However, 
there were no differences for the overall experimental period. In Exp. 2, pigs in the DL-
Met group had greater BW (P < 0.05), ADG (P < 0.05) and ADFI (P < 0.05) than those in 
the L-Met group for the overall period whereas no differences were observed in G:F ratios 
and PUN concentrations. In Exp. 3 and 4, there were no differences in BW, ADG, ADFI, 
G:F ratios or PUN concentrations between L-Met and DL-Met groups for the overall 
period. There was no preference exhibited for either the DL-Met or L-Met diet. In the 
results of relative bioavailability of L-Met to DL-Met, the values was 111.1% for d 0-14 
based on the estimation by ADG in Exp. 1; L-Met bioavailability was lower than DL-Met 
based on all response measures in Exp. 2. However, in Exp. 3, relative bioavailability of 
L-Met to DL-Met was 100.4, 147.3, and 104.1% for d 0-14 ADG, G:F ratio and PUN 
concentrations. In Exp 4, the relative bioavailability of L-Met was 92.9, 139.4 and 70.4% 
for d 0-14 ADG, G:F ratio and PUN concentrations. In conclusion, using L-Met in the 
nursery diet demonstrated no consistent beneficial effect on ADG, G:F ratio or relative 
bioavailability compared to conventional DL-Met. 
Key words: L-methionine, relative bioavailability, nursery pigs, preference 
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CHAPTER 1: INTRODUCTION 
 
Protein is an important nutrient in swine production. There have been many 
studies to define the amino acid (AA) requirement because a deficiency in protein supply 
to the diet can cause severe reduction in growth and reproduction and an excessive protein 
supplementation can increase feed cost and N excretion in the waste. There are essential 
and non-essential AA. Essential AA needs to be supplemented in the diet because it cannot 
be synthesized in the body to meet the requirement for optimal growth or reproduction. 
The AA that is present in the least amount relative to its requirement is called the first-
limiting AA which, if inadequate, limits the other AA utilization. An imbalance of the ratio 
between AA can lead to unnecessary N excretion via urine and feces and can cause 
environmental problems, such as contamination of water and odorous emissions. Ideal AA 
profiles are defined as ratios of the requirement of the essential AA relative to lysine as a 
reference AA (i.e. Lys = 100%) because it is the first-limiting AA in pigs fed a corn-
soybean meal based diet. An optimal dietary pattern among essential AA would exactly 
meet the needs of the animal and all essential AA in ideal AA profile would be equally 
limiting for performance. To avoid either deficient or excessive protein in the diet, a 
combination of different protein sources and supplementation of crystalline AA have been 
used to balance the AA ratios. Crystalline AA have been used commercially mostly as the 
L-form except for methionine (Met) because the tissues of animals naturally contain L-
form AA and an ingested D-form AA has to be converted to the L-form to be utilized. The 
D-form of isoleucine (Ile), Lys, tryptophan (Trp) and valine (Val) cannot be converted or 
are less efficiently converted to the L-form in the animals. However, it has been suggested 
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that DL-Met is well utilized in the animals and has equivalent bioavailability with L-Met 
in pigs (Chung and Baker, 1992). 
Methionine is the second or third limiting AA in corn-soybean meal (SBM) 
based swine diets. DL-Met has long been used as a source of supplemental Met. D-Met is 
generally assumed to be as efficacious as L-Met for growth because it can be converted to 
L-Met in the liver and kidney. However, D-Met cannot be utilized directly until D-Met is 
converted to L-Met. Recently, altered fermentation processes have made feed-grade 
supplemental L-Met commercially available, and this provides opportunities to use a 
naturally occurring form of L-Met in animal feeds. 
The objective of this research was to determine the relative bioavailability of the 
newly available L-Met compared to conventional DL-Met in nursery pigs. It was 
hypothesized that supplementation of feed grade L-Met (99% purity), would provide 
better growth performance of newly weaned nursery pigs compared with the use of feed 
grade DL-Met. 
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CHAPTER 2: LITERATURE REVIEW 
 
2.1. Protein and AA 
Amino acids are simple organic compounds which have both a carboxyl group and 
an amino group on the alpha carbon. Amino acids contain nitrogen which distinguishes 
them from fats and carbohydrates. There are 20 primary AA occurring in protein. These 
AA can be grouped into essential, nonessential or conditionally essential for animals. 
Nonessential AA can be synthesized in the body and are not required in the diet. On the 
other hand, essential AA need to be supplemented in the diet because they cannot be 
synthesized in the body or cannot be synthesized sufficiently to meet their requirement for 
proper growth or reproduction. In swine nutrition, there are 9 AA classified as essential: 
histidine (His), Ile, leucine (Leu), Lys, Met, phenylalanine (Phe), threonine (Thr), Trp, 
and Val. The nonessential AA are alanine, asparagine, aspartate, glutamate, glycine, and 
serine and the conditionally essential AA are arginine, cysteine (Cys), glutamine, proline, 
and tyrosine (Tyr; NRC, 2012; Table 2.1.1).  
Among essential AA, there are 2 AA that can be converted to nonessential AA; 
Met and Phe. Methionine and Phe can be converted to Cys and Tyr, respectively, when in 
excess in the body but not vice versa, which means Met and Phe need to be supplemented 
in the diet. It is known that Met can meet the sulfur AA requirement of pigs (Met+ Cys) 
whereas Cys can only supply approximately 50% of the sulfur AA requirement (Baker and 
Chung, 1992). Phenylalanine can meet the total aromatic AA requirement. However, Tyr 
can contribute only 49% of total requirement for these two AA (Robbins and Baker, 1977) 
which cannot be a sole source for the total aromatic AA requirement.  
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The primary role of AAs is as building blocks of protein synthesis for tissue 
protein and metabolic substances. By the process of mRNA translation, AAs combine to 
form peptides or poly-peptides, subsequently synthesize proteins needed for the body 
functions and muscle synthesis. Amino acids are also involved in cell signaling and 
metabolic regulation, as well as immunity, growth, development, lactation, and 
reproduction (Wu, 2010). Therefore, pigs that have high protein deposition rates require 
larger quantities of dietary Lys and other essential AA to maintain normal physiological 
functions of the body and protein accretion. 
 
Table 2.1.1. Essential, nonessential, and conditionally essential amino acids (NRC, 
2012) 
Essential Nonessential Conditionally Essential 
Histidine Alanine Arginine 
Isoleucine Asparagine Cysteine 
Leucine Aspartate Glutamine 
Lysine Glutamate Proline 
Methionine Glycine Tyrosine 
Phenylalanine Serine 
 
Threonine  
 
Tryptophan  
 
Valine 
  
 
2.2. Limiting AA  
Protein in cereal grains or swine diets may be deficient in certain essential AA 
and the deficiency limits the other AA utilization. When dietary protein and AA are not 
sufficiently provided to meet protein and AA requirements, growth performance is 
restricted or health and immunity may be impaired. The AA that is present in the least 
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amount relative to its requirement then limits the swine performance and is called the 
first-limiting AA and it can be explained with the barrel concept (Figure 2.2.1). The first 
limiting AA varies depending on the major feed ingredient, digestibility, gender, body 
weight (BW) and physiological status of the animals (Cromwell, 2004; Table 2.2.1). The 
AA that is contained in the diets at the second least amount relative to its requirement is 
called the second-limiting AA. For example, the order of limiting AA for a 50 kg pig fed a 
corn-SBM based diet can be approximated by comparing the dietary AA at each protein 
level. In the example of Cromwell (2004; Table 2.2.2) it can be seen that Arg and Leu are 
adequate and that the order of limitation of other AA is Lys, Thr, Trp, M+C, Ile and Val, 
followed by His. Therefore, the balance of the AA is crucial for the maximum utilization 
of the AA supplied in the feed.  
 
 
Figure 2.2.1. The barrel concept for limiting amino acids  
(http://feed-additives.evonik.com/) 
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Table 2.2.1. Limiting amino acids in selected feed ingredients, simple diets, and complex 
diets for swine (Cromwell, 2004)
1,2
  
 
Limiting amino acids 
Item First Second Third Fourth Fifth Sixth 
Cereal grains 
      
 Corn Lys Trp Thr Ile Val M+C 
 Sorghum Lys Thr Trp M+C (Val Ile) 
 Wheat Lys Thr (Ile Val M+C) Trp 
 Barley Lys Thr M+C Ile (Trp Val) 
 Oats Lys Thr Trp Ile Val M+C 
Protein sources 
      
 Soybean meal M+C Thr Lys Val Trp Ile 
 Canola meal Lys (Thr Trp) (Ile Val) M+C 
 Cottonseed meal Lys Thr (Ile M+C) (Val Trp) 
 Meat meal Trp M+C (Ile Thr Lys) Val 
 Meat and bone meal Trp M+C (Thr Ile Lys) Val 
 Blood meal Ile M+C Thr Lys Trp Val 
 Fish meal Trp (Thr M+C) Val (Ile Lys) 
Miscellaneous 
      
 Dried plasma Ile M+C Lys (Thr Val) Trp 
 Dried blood cells Ile M+C Thr Trp Lys Val 
 Dried whey M+C (Lys Val) Trp Thr Ile 
Simple diets 
      
 Corn-soybean meal  Lys Thr Trp M+C (Val Ile) 
 Corn-canola Lys Trp Thr Ile Val M+C 
 Corn-meat meal Trp Lys Thr Ile M+C Val 
 Corn-meat and bone meal Trp Lys Thr Ile M+C Val 
 Corn-fish meal Trp Lys Thr Ile Val M+C 
 Corn-cottonseed meal Lys Thr Trp Ile (Val M+C) 
 Sorghum-soybean meal Lys Thr M+C Trp Val Ile 
 Wheat-soybean meal Lys Thr (Ile Val M+C) Trp
3
 
 Barley-soybean meal Lys Thr M+C (Ile Val Trp) 
 Oats-soybean meal Lys Thr Trp Ile
3
 Val M+C
3
 
 Corn-soybean meal + 5% fish meal Lys Trp Thr M+C (Ile Val) 
 Corn-soybean meal + 5% meat meal Lys Trp Thr M+C Ile Val 
Complex diets 
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Table 2.2.1 (continued)       
 Corn-soy + 30% dried whey
4
 M+C Lys Thr (Trp Val) Ile 
 Corn-soy + 25% whey + 6% plasma
4
 M+C Thr (Trp Val) Lys Ile 
 Corn-soy + 10% whey + 3% cells
5
 M+C Thr Trp Lys Val Ile 
Effects of body weight (corn-soy diet) 
    
 10 kg Lys M+C Thr Trp Val Ile 
 20 kg Lys Thr M+C Trp Val Ile 
 50 kg Lys Thr Trp M+C (Val Ile) 
 120 kg Lys Trp Thr Ile Val
3
 M+C
3
 
1Based on requirements for total amino acids (50 kg barrows and gilts, 325 g lean gain/day, 3,400 kcal DE/kg) and 
feedstuff composition listed by NRC (1998). Order is not included for the other four essential amino acids. 
2Amino acids within parentheses are nearly equally limiting. 
3Not limiting. 
4Requirements of 10 kg pigs. 
5Requirements of 20 kg pigs. 
 
 
Table 2.2.2. Essential amino acid provision in corn-soybean meal diets containing various 
protein levels (Cromwell, 2004)
1-3
 
  
Dietary Protein, % 
Amino acid 
Requirement 
50 kg pig 
17 16 15 14 13 12 11 10 9 8 
Lysine 0.84 0.88 0.81 0.74 0.67 0.60 0.53 0.46 0.39 0.32 0.25 
Arginine 0.32 1.07 0.99 0.91 0.83 0.75 0.67 0.59 0.51 0.43 0.37 
Histidine 0.27 0.46 0.44 0.41 0.38 0.36 0.33 0.30 0.28 0.25 0.22 
Isoleucine 0.46 0.70 0.65 0.60 0.56 0.51 0.46 0.41 0.37 0.32 0.27 
Leucine 0.80 1.57 1.50 1.44 1.37 1.30 1.23 1.16 1.10 1.03 0.97 
Met + Cys 0.48 0.59 0.56 0.54 0.51 0.48 0.46 0.43 0.40 0.38 0.35 
Phe + Tyr 0.77 1.44 1.35 1.25 1.16 1.07 0.98 0.89 0.80 0.71 0.62 
Threonine 0.55 0.64 0.60 0.56 0.52 0.48 0.44 0.40 0.36 0.32 0.28 
Tryptophan 0.15 0.19 0.18 0.16 0.15 0.13 0.12 0.10 0.09 0.07 0.06 
Valine 0.57 0.81 0.76 0.71 0.66 0.62 0.57 0.52 0.47 0.42 0.38 
1Amino acid (total) requirements of a 50 kg pig of high-medium lean growth rate (325 g/day of carcass fat-free lean) 
and consuming a fortified corn-soybean meal diet containing 2.5% minerals, vitamins and additives (3,400 kcal DE/kg; 
NRC, 1998). 
2Amino acids in shaded areas represent deficient levels. 
3The 17% protein diet consists of 74.8% corn and 22.8% dehulled soybean meal and the 8% protein diet consists of 
97.5% corn and 0.0% dehulled soybean meal. Every 1% increase in soybean meal represents an increase of 0.39% 
dietary protein. Similarly, every 1% change in dietary protein represents a change of 2.53% in soybean meal and a 
change of 0.07% in lysine. 
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2.3. Ideal AA profiles 
The concept of ideal AA ratios was developed more than 60 years ago by 
Mitchell (1950) and was introduced in requirement estimates by the ARC (1981). Ideal 
AA profiles are optimal dietary patterns among essential AA that exactly meet the needs 
of the animal and are defined as ratios to the requirement for Lys (i.e. Lys = 100%). All 
essential AA in an ideal AA profile are equally limiting for performance. The ideal AA 
profile has been established for maximum lean tissue synthesis of growing pigs and 
optimal productivity of gestating and lactating sows (Table 2.3.1).  
 
Table 2.3.1. Ideal ratios of amino acids to lysine for maintenance, protein accretion, milk 
synthesis, and body tissue (NRC, 1998) 
Amino acid Maintenance
1
 Protein accretion
2
 Milk synthesis
3
 Body tissue
4
 
Lysine 100 100 100 100 
Arginine -200 48 66 105 
Histidine 32 32 40 45 
Isoleucine 75 54 55 50 
Leucine 70 102 115 109 
Methionine 28 27 26 27 
Methionine + 
cysteine 
123 55 45 45 
Phenylalanine 50 60 55 60 
Phenylalanine + 
tyrosine 
121 93 112 103 
Threonine 151 60 58 58 
Tryptophan 26 18 18 10 
Valine 67 68 85 69 
1 Maintenance ratios were calculated based on the data of Baker et al. (1966a,b), Baker and Allee (1970), and Fuller et al. 
(1989). The negative value for arginine reflects arginine synthesis in excess of the needs for maintenance.  
2 Accretion ratios were derived by starting with ratios from Fuller et al. (1989) and then adjusting to values that produced 
blends for maintenance + accretion that were more consistent with recent empirically determined values (Baker and 
Chung, 1992; Baker et al., 1993; Hahn and Baker, 1995; Baker, 1997). 
3 Milk protein synthesis ratios were those proposed by Pettigrew (1993) based on a survey of the literature; the value of 
73 for valine proposed by Pettigrew was modified to 85. 
4 Body tissue protein ratios were from a survey of the literature (Pettigrew, 1993). 
Lysine, Thr, Trp and Met are typical limiting AA in the corn-SBM based swine 
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diets and an aggressive use of a certain feedstuff such as whey or whey permeate in swine 
diets, especially for young pigs may result in sulfur AA to be the first limiting AA (Table 
2.2.1). Therefore, supplementation of additional AA in the swine diets can improve the 
AA balance for animal to utilize proteins more efficiently. However, because limiting AA 
(e.g. Lys, Met, Thr and Trp) limit the utilization of the other AA, it is important not only 
to meet the AA requirement but also to satisfy the ideal AA profile. Therefore, diet 
formulation for pigs should apply this concept of the ideal AA profile coupled with AA 
requirement. Using synthetic AA to adjust the supply of essential AA is one of the 
possible strategies to prevent both AA deficiencies and excesses. In the nursery pig diet, 
high quality protein sources (SBM, whey protein, and plasma protein) are usually used to 
supply adequate AA with high availability. However, using these ingredients exclusively 
may result in an excessive protein and AA content beyond their requirement in the diet, 
which can cause high excretion of N and thereby environment pollution. Applying the 
concept of the ideal AA profile with supplemental synthetic AA to optimize the balance of 
AA can not only improve efficiency of protein and AA utilization but also reduce N 
excretion and environment pollution.  
 
2.4. Protein sources  
Typical cereal grains such as corn, wheat and barley are deficient in certain 
essential AA (e.g., Lys, Met, Thr and Trp) for pigs. Thus, high protein feed ingredients, 
such as SBM and animal by-products (e.g., animal plasma, fish meal, meat and meat bone 
meal), are used in combination with different cereals to supply protein and AA as well as 
to balance the ideal AA patterns. Soybean meal is the premier plant protein compared 
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with animal protein that has good quality of AA content with 44 to 48% of crude protein 
(CP) and 2.8 to 3.2% of total Lys, 0.6 to 0.7% of total Met and 0.7 to 0.8% of total Cys 
(NRC, 2012). It can be used as the sole plant based protein supplement in most swine 
diets. Other protein sources include fish meal, plasma protein, whey and whey permeate. 
Fish meal contains 63.28% of CP including 4.56% of total Lys, 1.73% of total Met and 
0.61% of total Cys (NRC, 2012). Plasma protein contains a relatively high level of CP at 
77.84% including 6.90% of total Lys, 0.79% of total Met and 2.60% of total Cys (NRC, 
2012). Whey is typically used in the nursery diets and has CP 11.55%, total Lys 0.88%, 
total Met 0.17% and total Cys 0.26% (NRC, 2012). Animal protein products (e.g. fish 
meal, plasma protein, meat and bone meal) may vary in composition and quality 
depending on the method of processing and the type of animal used (Rojas and Stein, 
2012).  
 
2.5. Cost of protein/AA in swine production 
Feed cost accounts for the major cost of swine production. Furthermore, protein 
and AA are the main cost components of feed beyond the energy of the cereals. Protein 
and AA content come from feed ingredients (indigenous) such as SBM, plasma protein 
and synthetic AA that are used in the diet. However, to estimate the efficiency of protein 
and AA utilization in the protein source, its AA digestibility should be considered because 
protein sources have different AA digestibility. Similarly, the actual AA content in the 
synthetic AA sources and relative bioavailability should be considered when they are 
supplemented to swine diets. For example, Met hydroxy analog free acid (MHA-FA) 
contains 88% Met and the relative bioavailability to DL-Met is 66% on average (Kim et 
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al., 2006). Therefore, the cost of protein sources can be determined by considering the 
amount used in the diet, cost of the products and bioavailability (digestibility).  
Because protein sources are the most expensive feed ingredients and the price of 
these ingredients have risen rapidly recently, alternative protein sources are needed to be 
evaluated and potentially utilized in the swine diets. Additionally, because the cost of 
production of synthetic AA is continually on the decrease because of technical 
advancement, using synthetic AA in swine diets is a possible option to reduce feed cost 
and thereby pig production cost. Aggressive use of synthetic AA to reduce CP levels in the 
diets has been done which leads to reducing feed cost and balancing AA patterns which 
improve AA utilization and reduce N excretion (Table 2.5.1). A study reported that 
reduced CP content and aggressive use of AA in the nursery pig diets to conform to ideal 
AA patterns resulted in no detrimental effect in growth performance but improved protein 
utilization and decreased incidence of postweaning diarrhea (Heo et al., 2008).  
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Table 2.5.1. Use of amino acids in reduced crude protein, corn-soybean meal diets 
(Cromwell, 2004) 
 
Body weight, kg 
Item 20 50 80 120 Avg
2
 
Soybean meal reduction, %
1
 13.4 11.5 10.4 9.1 10.6 
Amino acids needed 
     
Lysine
2
, % 0.37 0.32 0.29 0.25 0.30 
As Lysine·HCl 0.47 0.41 0.37 0.32 0.38 
Threonine, % 0.15 0.12 0.09 0.07 0.10 
Tryptophan, % 0.039 0.036 0.035 0.033 0.035 
Methionine, % 0.09 0.03 - - 0.02 
1Amount of soybean meal in a corn-soybean meal diet that can be eliminated (replaced with corn) while still meeting 
the requirement for the fifth limiting amino acid (isoleucine or valine). 
Based on the slope procedure shown in the figures. 
2Weighted average, giving twice as much weight to the 80 to 120 kg categories. 
 
2.6. Issues of N pollution  
Environmental problems, such as soil, air and water pollution caused by nitrogen 
in animal feces and urine are current issues in animal feeding operations. Large amounts 
of nitrogen excreted in animal wastes can lead to these pollutions because many odorous 
compounds originate from undigested dietary protein and other nitrogenous compounds. 
Nitrogen which is not well-utilized in producing animal protein is excreted mainly in the 
form of urea in mammal and uric acid in poultry. Then urea is easily converted into 
ammonia (NH3) and carbon dioxide (CO2) by urease present in feces. Ammonia is fixed to 
soil by changing its form to ammonium (NH4
+
). After then, ammonium can be converted 
to nitrate (NO3
-
) and consequently increases the production of nitrous oxide (N2O), 
greenhouse gas. On the other hand, soil nitrate may leach and result in elevated nitrogen 
level in ground and surface water, leading to eutrophication.  
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There are four main strategies to reduce N excretion: 1) adding limiting AA to 
lower CP intake; 2) including fermentable carbohydrates in the diet to shift nitrogen 
excretion from urine to feces; 3) adding acidifying salts to the diet to lower pH of urine; 4) 
including of fermentable carbohydrates in the diet in order to lower the pH of feces 
(Aarnink and Verstegen, 2007). In the swine diets, reduction in N excretion can be 
achieved by a combination of phase feeding and supplementation of synthetic AA to the 
diet with low CP content (Dourmad and Jondreville, 2007). Phase feeding allows animals 
to be fed close to their nutrient requirement according to their sex, BW, or physiological 
status, for example, using separate diets for gestating or lactating sows. It is estimated that 
a 1% reduction of CP content in a diet can reduce about 9% in nitrogen excretion on 
average (Kerr and Easter, 1995; Canh, 1998). Crude protein in the diet can be reduced by 
2~4 % without any detrimental effect on growth performance by supplementation of 
synthetic AA (Han and Lee, 2000). However, dietary nitrogen content must be reduced 
carefully to maintain normal animal performance. 
 
2.7. PUN as a protein AA utilization indicator 
Plasma urea nitrogen (PUN) can be used as a rapid AA utilization indicator 
(Pedersen and Boisen, 2001). When an essential AA is under requirement, the use of the 
other AA is restricted because the deficient AA limits their utilization. Furthermore, AA 
which are not utilized are catabolized into urea mainly in the liver and to a lesser extent in 
the kidney for excretion (van de Poll et al., 2004). When the limiting AA is supplemented 
by synthetic AA, the entire AA utilization for protein synthesis is improved and less urea 
is formed. However, once the AA requirement is met, further supplementation of AA does 
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not result in further protein synthesis and it is catabolized resulting in an increase in PUN 
concentrations. Therefore when AA are excessively provided in the swine diet above the 
requirement or not ideally balanced, those are metabolized into urea in the urine for 
excretion.  
Supplementation of the first limiting AA to the swine diet results in a linear 
decrease in the urinary urea excretion level and this measurement is proved to be more 
precise than PUN (Brown and Cline, 1974). However, PUN has been used as an indicator 
for the AA requirement because of its practicality; it is simple and requires less labor than 
N retention techniques demanding only a few blood samples (Coma et al., 1996; 
Matthews et al., 2001).  
 
2.8. Lysine 
Lysine is an essential AA in the swine diet that cannot be synthesized by pigs and 
plays important roles in muscle growth, hormone production, immunity, and epigenetic 
regulation of gene expression (Wu, 2010). Lysine is the first limiting AA in a corn- SBM 
based swine diet (Table 2.2.1) because it is the most deficient AA in cereal grains such as 
corn and wheat relative to the requirement of the pigs. Because Lys is the first limiting AA 
in a typical swine diet, it has potential to limit the utilization of other AA. Therefore, 
adequate supplementation of Lys to swine diets is most important to ensure maximum 
growth performance and health. There are several specific factors affecting Lys 
requirement of pigs such as genetics (lean vs. fat), sex (boar, barrow, and gilt), criterion of 
response [average daily gain (ADG), gain:feed (G:F) ratio, and carcass leanness], energy 
density of the diet, protein content of the diet and environmental condition (Hahn et al., 
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1995). The deficiency of dietary Lys impairs growth performance, immunity and 
physiological functions of pigs (Liao et al., 2015). There are possible 2 ways to ensure Lys 
supply in the diets and to correct the Lys deficiency in cereals. One is using another feed 
ingredient that has high Lys content or adding synthetic Lys to the diet. Then, it is obvious 
that when additional Lys is supplemented to correct the deficiency in corn-SBM based 
swine diets, growth performance and muscle growth are improved due to the increase of 
protein synthesis (Jones et al., 2014).  
 
2.9. Methionine 
Methionine is also an essential AA that plays an important role in normal growth, 
and immunity for pigs. When Met is deficient in the swine diet, growth rate declines 
(Shen et al., 2014) and immune response is impaired (Litvak et al., 2013). It is a precursor 
of Cys, which is a non-essential AA that can be synthesized from Met by trans-sulfuration. 
Methionine and Cys are also involved in the regulation of glutathione, a component of the 
antioxidant glutathione peroxidase, which may enhance ovulation conditions of sows by 
reducing oxidative stress (Le Floc'h et al., 2012). In weaning pigs, Met maintains the 
integrity and barrier function of the small intestinal mucosa (Chen et al., 2014). 
Additionally, Met is a major donor of methyl groups for DNA and protein methylation 
(Wang, 2012) and is also incorporated into protein as a structural building block. In the 
corn-SBM based nursery pig diet that has whey and plasma protein, Met is the first 
limiting AA (Cromwell, 2004; Table 2.2.1) which means those protein sources have a 
lower level of Met compared to the requirement because whey and plasma protein have 
low Met content relative to Lys (NRC, 2012). Methionine is the first limiting AA in low 
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protein corn-SBM based poultry diets (Edmonds et al., 1985). Sulfur AA (Met+Cys) are 
the first-limiting AA in corn-SBM based diet containing dried whey (Cromwell, 2004; 
Table 2.2.1). The limiting order for sulfur AA is changed depending on BW, and sulfur AA 
is second limiting AA for 10 kg BW pigs whereas it is third and fourth limiting AA for 
pigs at 20 and 50 kg BW, respectively (Cromwell, 2004; Table 2.2.1). 
 
2.10. D- vs. L-form AA in mammalian and avian metabolism 
2.10.1. D and L isomerization 
Methionine has a chiral center, and thus the product of commercially synthesized 
Met is a mixture of 50% D-Met and 50% L-Met. When Met is utilized in the animal body, 
the L-form is the bioactive form. If D-Met is absorbed in the body, it enters 2 steps which 
are oxidation and transamination by D-amino acid oxidase and transaminases, 
respectively (Figure 2.10.1). After D-Met is converted into α-keto-γ-methiolbutyric acid, 
it can be converted into ß-methylthiopropionic acid or L-Met. The fate of ß-
methylthiopropionic acid is being excreted through urine or going through further 
degradation.  
The D-form of Met is well utilized by most species, including pigs. It is reported 
that DL-Met can replace L-Met for meeting the Met requirement (Reifsnyder et al., 1984; 
Chung and Baker, 1992). However, there is conflicting evidence, with reports that D-Met 
may have less efficiency than L-Met in young pigs (Kim and Bayley, 1983). So, the 
efficacy of supplementation of D-Met is still unclear and how much D-Met is finally 
converted into L-Met in vivo can be questioned.   
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Figure 2.10.1. Proposed metabolic profiles of D- and L-Met (modified from Hasegawa et 
al., 2005) 
2.10.2. Rate of conversion from D- to L-Met 
D-Methionine can be converted into L-Met in the liver and kidney by oxidation 
and transamination and has been assumed to be as efficacious as L-Met for growth 
performance of pigs (Chung and Baker, 1992). Though the extent of conversion of D-Met 
to L-Met has not been fully quantified in poultry and swine, the stereo-selective kinetics 
of Met enantiomers was studied to evaluate the fraction converted from D-Met to L-Met 
in rats (Hasegawa et al., 2005). The plasma concentrations of labeled D-Met, L-Met and 
endogenous L-Met after bolus i.v. administration of D-Met were measured in that study 
and labeled L-Met increased rapidly after administration of labeled D-Met. Based on that, 
it is evaluated that over 90% of the D-Met administered to rats was converted into L-Met 
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in vivo.  
 
2.10.3. Relative bioavailability of conventional Met sources (MHA, and Ca-
MHA) 
Many studies have been conducted to compare the efficacy of Met isomers and 
analogs in broilers and pigs. A study was conducted to compare the efficacy of 
supplemental L-Met, D-Met, DL-Met and DL-MHA-FA in pigs (Chung and Baker, 1992). 
In this study, daily gain, F: G and daily feed intake were similar for all diets containing 
isomolar levels of Met isomers and analogs.  
In contrast, there are studies demonstrating that MHA-FA has a less efficacy than 
DL-Met in broiler and pig diets (Lemme et al., 2002; Kim et al., 2006). The biological 
efficacy of MHA-FA in broiler diets was examined by measuring not only growth 
performance but also carcass responses compared to DL-Met. Regression analysis 
revealed that liquid MHA-FA was 68% (weight gain), 67% (feed conversion), 62% 
(carcass yield), and 64% (breast meat yield) as efficacious as pure DL-Met on an as-fed 
basis (Lemme et al., 2002). A similar study (Kim et al., 2006) was performed with nursery 
pigs to assess the efficacy of MHA-FA compared with DL-Met by measuring growth 
performance and N-retention. The relative effectiveness of MHA-FA to DL-Met was 73% 
(weight gain) and 54% (feed conversion), and the mean efficacy was 65%. Based on these 
studies, MHA-FA is less efficient than DL-Met biologically.  
 
2.10.4. Relative bioavailability of L-Met  
An experiment with broiler chickens was conducted to compare the metabolism 
of DL-Met and L-Met as a protein precursor (Saunderson, 1985). In the study, 
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incorporation into tissue of DL-Met and L-Met, relative oxidation and excretion were 
measured by using 
14
C-labeled tracers. The result revealed that leg, liver and heart had an 
equivalent incorporation from each of the tracers while breast, skin and brain had a greater 
incorporation of L-Met than DL-Met.  
A recent study (Shen et al., 2014) evaluated relative bio-efficacy of L-Met to DL-
Met in nursery pig diets by measuring growth performance and gut integrity. The relative 
bio-efficacy of L-Met to DL-Met was 143.8% and 122.7% for ADG and G:F ratio of 
nursery pigs for d 0-20, respectively. It was also demonstrated that pigs fed L-Met had 
enhanced GSH concentrations, duodenal villus height and width, and decreased PUN 
concentrations compared to pigs fed DL-Met (Shen et al., 2014). This result suggests that 
L-Met in nursery diets has a greater bio-efficacy and a potential to improve duodenal 
villus development associated with reduced oxidative stress. However, the variation in the 
relative bioavailability between L- and DL-Met was relatively high in that study. Thus, 
economical benefit between Met sources is still uncertain. Therefore, further investigation 
may be needed to evaluate clearly the relative bioavailability of L-Met. 
 
2.11. Conclusion 
 
In swine production, Met is supplemented in the diet to meet the requirement and 
to balance the AA from different protein sources for optimal growth and to reduce the N 
excretion. DL-Met has been the common Met source for swine diets. As another Met 
source, MHA-FA and MHA-Ca also have been used in the diet with 68% of 
bioavailability compared to DL-Met (100%), respectively. DL-Met has been considered to 
have the same efficacy with L-Met based on the previous research even though L-Met is 
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the bioactive form in the animal. However, there is evidence from recent studies that L-
Met may have greater bioavailability compared to DL-Met. Because L-Met is now 
commercially available as a Met source thus the practical benefit of L-Met application in 
swine diets can be questioned again.  
Therefore, the objective of the present research was to determine the 
bioavailability of L-Met in nursery pigs by measuring the growth performance and PUN 
concentrations. 
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CHAPTER 3: Evaluation of L-Methionine bioavailability in nursery pigs 
 
3.1. Introduction 
Methionine is the second or third limiting AA in corn-SBM based swine diets, 
depending on which ingredient is included in the diet and BW (Cromwell, 2004). Met 
plays important roles in not only growth and development but also immunity (Litvak et al., 
2013). In the past decades, a racemic mixture of D- and L-form of Met has been 
commonly provided in the swine diets as a supplemental Met source even though L-Met 
is in the form of AA in animal tissues. The efficacy of DL-Met has been assumed to be 
comparable as L-Met based on growth performance of pigs (Chung and Baker, 1992). 
Though the degree of conversion from D-Met to L-Met has not been specifically 
quantified for swine, the stereoselective kinetics of Met enantiomers has been evaluated 
and reported in rats and it was determined that over 90% of the D-Met administered was 
converted into L-Met in vivo (Hasegawa et al., 2005). 
There are many studies measuring the efficacy of Met isomers and analogs in pigs 
as available Met sources. However, the results are inconsistent. The efficacy of 
supplemental L-Met, D-Met, DL-Met and DL-MHA-FA were evaluated in pigs (Chung 
and Baker, 1992) and it was demonstrated that all diets containing isomolar levels of Met 
isomers and analogs had similar daily gain, daily feed intake, and F:G ratio. Contrary to 
the previous study, a recent study (Shen et al., 2014) reported that L-Met in the nursery 
diet has a greater efficacy compared to DL-Met.  
Because L-Met is commercially available now, diet formulators have more choice 
of Met products. The bio-efficacy of L-Met needs to be evaluated clearly and applied to 
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estimate the actual feed cost when used in the swine diets with consideration of cost, 
bioavailability, and purity of the products. However, economical benefit between Met 
sources is still uncertain because of the wide range, and uncertainty of the true biological 
responses to Met sources. Therefore, the objectives of a series of 4 experiments that we 
conducted were to evaluate the relative bioavailability of L-Met to DL-Met in nursery pig 
diets using a slope ratio procedure (see Appendix 1.1). With a presumed standardized ileal 
digestible (SID) Met requirement of 0.390% (NRC, 2012) the SID Met content in the 
basal diets was 0.209%, 0.191%, 0.201%, and 0.184% to which multiple levels of the Met 
sources were added . 
 
3.2. Materials and Methods 
The experiments were conducted under protocols approved by the University of 
Kentucky’s Institutional Animal Care and Use Committee. 
 
3.2.1. Animals and housing 
Experiment 1 
 This experiment (experiment ID: UK1403) was carried out from March 2014 to 
April 2014. A total of 155 pigs were weaned (19.9 ± 3.1 d of age) and fed a common diet 
for 3 or 4 days (Phase 1). Pigs were then assessed for Phase 1 performance by removing 
the outliers (too heavy or too light pigs).This experiment utilized a subset of 105 
crossbred pigs [56 barrows, 49 gilts; Yorkshire × Landrace, (Yorkshire × Landrace) × 
Duroc, (Yorkshire × Landrace × Duroc) × Duroc] with an initial BW of 6.95 ± 0.92 kg 
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(24.7 ± 4.3 d of age). Pigs were allotted to 7 dietary treatments on the basis of sex, initial 
BW, and breed in a randomized complete block design for a 21-d experiment and housed 
3 or 4 pigs/pen for a total of 28 pens of pigs (4 pigs/pen for replicates 1 - 3, and 3 pigs/pen 
for replicate 4). This experimental design allowed 4 replicates of the 7 treatments. The 
pigs were housed in elevated nursery pens (1.22 m x 1.22 m) with plastic coated, welded 
wire flooring. Each pen was equipped with a nipple waterer and a single sided, three–hole 
plastic feeder. The pigs were allowed ad libitum access to feed and water during the entire 
experimental period. 
 
Experiment 2 
 This experiment (experiment ID: UK1408) was carried out in June 2014. A total 
of 147 pigs were weaned (19.8 ± 2.2 d of age) and fed a common diet for 3 or 4 days 
(Phase 1). Pigs were then assessed for Phase 1 performance and pigs with excessively 
high or low weight gain were removed. This experiment utilized a subset of 105 crossbred 
pigs [56 barrows, 49 gilts; Yorkshire × Landrace, (Yorkshire × Landrace × Duroc) x 
Chester White] with an initial BW of 6.86 ± 1.04 kg (24.0 ± 2.0 d of age). Pigs were 
randomly allotted to 7 dietary treatments on the basis of sex, initial BW, and breed in a 
randomized complete block design for a 21-d experiment and housed 3 or 4 pigs/pen for a 
total of 28 pens of pigs (4 pigs/pen for replicates 1, 3, 4 and 3 pigs/pen for replicate 2). 
This equates to a total of 4 replicates of each diet. Allotment criteria and experimental 
design, housing, and feeding management were same as in Exp. 1. 
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Experiment 3 
Growth trial 
 This experiment (experiment ID: UK1412) was carried out from September 2014 
to October 2014. A total of 200 pigs were weaned (19.6 ± 3.4 d of age) and fed a common 
diet for 4 or 5 days (Phase 1). Pigs were then assessed for Phase 1 performance and pigs 
with excessively high or low weight gain were removed. This experiment utilized a subset 
of 112 crossbred pigs [49 barrows, 63 gilts; Yorkshire × Duroc, Yorkshire × Landrace, 
(Yorkshire × Landrace) × Duroc, (Yorkshire × Landrace × Duroc) x Chester White] with 
an initial BW of 5.89 ± 0.75 kg (24.1 ± 4.0 d of age). Pigs were randomly allotted to 7 
dietary treatments for a 21-d experiment and housed 4 pigs/pen for a total of 28 pens of 
pigs. This equates to a total of 4 replicates of each diet. Allotment criteria and 
experimental design, housing, and feeding management were same as in Exp. 1. 
 
Preference study 
 This experiment (experiment ID: UK1411) was carried out from September 2014 
to October 2014. A total of 42 pigs (3 or 4 pigs per pen; 22.9 ± 5.1 d of age) were allotted 
to a preference study with 3 comparisons wherein each set of 4 pens was offered 2 diets to 
determine if the pigs would exhibit a preference for the level or source of Met in the diet. 
Pigs were fed a common nursery diet for 3 or 4 days and then allotted to comparisons. 
Two feeders were placed in each pen, each with one of the two diets and pigs given 
opportunity to intake feed from either feeder. The location of the feeders was rotated 
every 3 days to avoid the potential of feeder location being confounded with potential 
feed preference exhibited. Pigs were provided with ad libitum access to feed and water. 
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Allotment criteria, housing, and feeding management were same as the growth trial. 
 
Experiment 4 
Growth trial 
 This experiment (experiment ID: UK1501) was carried out in February 2015. A 
total of 163 pigs were weaned (20.0 ± 4.0 d of age) and fed a common diet for 3 or 4 days 
(Phase 1). Pigs were then assessed for Phase 1 performance and pigs with excessively 
high or low weight gain were removed. This experiment utilized a subset of 84 pigs 
crossbred pigs [42 barrows, 42 gilts; Yorkshire × Duroc, Yorkshire × Landrace × Duroc, 
(Yorkshire × Landrace × Duroc) × Yorkshire] with an initial BW of 6.10 ± 0.92 kg (23.0 
± 4.0 d of age). Pigs were randomly allotted to 7 dietary treatments for a 21-d experiment 
and housed 3 pigs/pen for a total of 28 pens of pigs. This equates to a total of 4 replicates 
of each diet. Allotment criteria and experimental design, housing, and feeding 
management were same as in Exp. 1. 
 
Preference study 
 This experiment (experiment ID: UK1501) was carried out in February 2015. A 
total of 36 crossbred pigs [12 barrows, 24 gilts; Yorkshire, Yorkshire × Landrace × Duroc, 
(Yorkshire × Landrace × Duroc × Yorkshire] with an initial BW of 13.37 ± 2.39 kg (24.2 
± 3.2 d of age) were allotted to a preference study with 3 comparisons wherein each set of 
4 pens, each with 3 pigs (one barrow and two gilts) was offered 2 diets to determine if the 
pigs would exhibit a preference for the level or source of Met in the diet. Pigs were fed a 
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common nursery diet for 3 or 4 days and then allotted to the experimental diets.. This 
experiment was designed to determine if the pigs would exhibit a preference for the level 
or source of Met in the diet. Two feeders were placed in each pen, each with one of the 
two diets and pigs given opportunity to intake feed from either feeder. The location of the 
feeders was rotated every 3 days to avoid the potential of feeder location being 
confounded with potential feed preference exhibited. Pigs were provided with ad libitum 
access to feed and water. Allotment criteria, housing, and feeding management were same 
as the growth trial. 
 
3.2.2. Experimental diets 
A corn-SBM based basal diet with plasma protein, dried whey (or whey permeate 
in Exp. 4) was formulated based on NRC (2012) nutrient requirement estimates with all 
nutrient requirements met with the exception of Met. In all experiments it was attempted 
to have as low Met as possible to improve the response surface of the differing levels of 
supplemental Met. Supplemental L-Met was obtained from CJ CheilJedang Co. (Seoul, 
Korea) which was a feed-grade AA from fermentation process. 
 
Experiment 1 
The dietary treatments were:  
1) Basal diet in which the formulated SID Met content was lowered to 0.209% 
through use of ingredients such as spray dried animal plasma which has a low 
Met/Lys ratio and aggressive use of synthetic AA. The Met content was 53% of 
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the 2012 NRC requirement estimate (SID Met requirement: 0.39% for 7-11 kg 
BW),  
2) Basal diet + 0.053% of supplemental DL-Met (0.262% of SID Met in the diet),  
3) Basal diet + 0.107% of supplemental DL-Met (0.316% of SID Met in the diet),  
4) Basal diet + 0.160% of supplemental DL-Met (0.367% of SID Met in the diet),  
5) Basal diet + 0.053% of supplemental L-Met (0.262% of SID Met in the diet),  
6) Basal diet + 0.107% of supplemental L-Met (0.316% of SID Met in the diet) and  
7) Basal diet + 0.160% of supplemental L-Met (0.367% of SID Met in the diet).  
Diet formulation and chemical composition is presented in Table 3.2.1 and 
analyzed AA composition and free Met content in the diets are presented in Table 3.2.2 
and Figure 3.2.1. The highest Met content in the diet was 0.367% by the addition of 0.160% 
supplemental Met (Treatment 4 and 7), and was 94% of the 2012 NRC requirement 
estimate (SID Met requirement: 0.39% for 7-11 kg BW) to give space for L-Met effect if 
bioavailability of L-Met is higher than that of DL-Met.    
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Table 3.2.1. Composition of the experimental diets in Exp. 1 (%, as-fed basis) 
Ingredient Basal diet High Met (DL or L) 
Corn  60.735 60.735 
Soybean meal (48% CP) 3.000 3.000 
Plasma protein  11.000 11.000 
Whey dried 20.000 20.000 
Grease 1.000 1.000 
Corn starch 0.500 0.340 
L-Lys∙HCl 0.385 0.385 
L-Thr 0.180 0.180 
L-Ile 0.320 0.320 
L-Trp 0.000 0.000 
L-Val 0.130 0.130 
L-Phe 0.080 0.080 
DL- or L-Met
1
 0.000 0.160 
Dicalcium phosphate 0.500 0.500 
Limestone 1.500 1.500 
Salt 0.500 0.500 
Vitamin and trace mineral premix
2
 0.150 0.150 
Santoquin 0.020 0.020 
Total 100.00 100.00 
Chemical composition 
  
  ME, kcal/kg 3,340 3,334 
  CP, % 18.65 18.75 
  Total Lys, % 1.531 (1.350)
3
 1.531(1.350) 
  Total Met, % 0.249 (0.209) 0.408 (0.367) 
  Total Cys, % 0.430 (0.361) 0.430 (0.361) 
  Total Met + Cys, % 0.680 (0.569) 0.838 (0.728) 
  Total Arg, % 0.87 (0.77) 0.87 (0.77) 
  Total His, % 0.50 (0.43) 0.50 (0.43) 
  Total Ile, % 0.94 (0.84) 0.94 (0.84) 
  Total Leu, % 1.75 (1.53) 1.75 (1.53) 
  Total Phe, % 0.92 (0.80) 0.92 (0.80) 
  Total Tyr, % 0.66 (0.51) 0.66 (0.51) 
  Total Phe + Tyr, % 1.59 (1.32) 1.59 (1.32) 
  Total Thr, % 1.14 (0.94) 1.14 (0.94) 
  Total Trp, % 0.29 (0.26) 0.29 (0.26) 
  Total Val, % 1.13 (0.95) 1.13 (0.95) 
  Ca, % 0.83 0.83 
  Total P, % 0.56 0.56 
  STTD
4
 P, % 0.41 0.41 
1 Either DL-Met or L-Met at 0.160% was added to basal diet to mix the high DL- or L-Met diet, respectively. 
2 A vitamin-trace mineral premix (Akey A Sow VTM premix Se Yeast; Provimi North America, Inc., Brookville, 
OH). The premix supplied the following per kilogram of diet: 9,007 IU of vitamin A, 2,253 IU of vitamin D3, 60 IU 
of vitamin E, 144 mg of Fe (iron sulfate), 18 mg of Cu (copper sulfate), 60 mg of Mn (manganous oxide), and 110 
mg of Zn (zinc oxide), 0.3 mg of Se (combination of sodium selenite and Se-yeast). 
3 The values in parenthesis are standardized ileal digestible AA. 
4 STTD = standardized total tract digestible. 
  
 29 
 
Table 3.2.2. Analyzed total amino acid and free Met analysis of the experimental diets in Exp. 1 (as-fed 
basis) 
   Supplemental DL-Met, % Supplemental L-Met, % 
Item Calculated
1
 
Basal 
diet 
0.053 0.107 0.160 0.053 0.107 0.160 
Lys, % 1.531 1.415 1.490 1.469 1.432 1.432 1.408 1.400 
Met, % 0.249 0.241 0.304 0.350 0.404 0.303 0.317 0.393 
Cys, % 0.430 0.419 0.438 0.445 0.445 0.439 0.431 0.421 
Met + Cys, % 0.680 0.660 0.742 0.795 0.849 0.742 0.748 0.814 
Arg, % 0.874 0.834 0.876 0.862 0.854 0.850 0.828 0.799 
His, % 0.496 0.444 0.465 0.461 0.457 0.451 0.437 0.428 
Ile, % 0.944 0.898 0.946 0.935 0.927 0.937 0.898 0.891 
Leu, % 1.754 1.761 1.809 1.787 1.795 1.782 1.665 1.619 
Phe, % 0.924 0.885 0.924 0.931 0.928 0.931 0.874 0.880 
Tyr, % 0.663 0.630 0.652 0.663 0.655 0.654 0.623 0.618 
Phe + Tyr, % 1.587 1.515 1.576 1.594 1.583 1.585 1.497 1.498 
Thr, % 1.137 1.050 1.126 1.101 1.089 1.061 1.039 1.027 
Trp, % 0.289 0.290 0.294 0.302 0.281 0.304 0.299 0.297 
Val, % 1.127 1.117 1.169 1.156 1.176 1.132 1.112 1.096 
Free Met, %         
  Analyzed  0.008 0.050 0.099 0.150 0.048 0.089 0.146 
  Corrected  0.000 0.042 0.091 0.142 0.040 0.081 0.138 
1
 The calculated values of the basal diet. 
 
 
 
Figure 3.2.1. Free Met analysis regression in Exp.1 
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Experiment 2 
The dietary treatments were:  
1) Basal diet in which the formulated SID Met content was lowered to 0.191% 
through use of ingredients such as spray dried animal plasma which has a low 
Met/Lys ratio and aggressive use of synthetic AA. The Met content was 49% of 
the 2012 NRC requirement estimate (SID Met requirement: 0.39% for 7-11 kg 
BW),  
2) Basal diet + 0.040% of supplemental DL-Met (0.231% of SID Met in the diet),  
3) Basal diet + 0.080% of supplemental DL-Met (0.270% of SID Met in the diet),  
4) Basal diet + 0.120% of supplemental DL-Met (0.310% of SID Met in the diet),  
5) Basal diet + 0.040% of supplemental L-Met (0.231% of SID Met in the diet),  
6) Basal diet + 0.080% of supplemental L-Met (0.270% of SID Met in the diet) and  
7) Basal diet + 0.120% of supplemental L-Met (0.310% of SID Met in the diet).  
Diet formulation and chemical composition is presented in Table 3.2.3 and 
analyzed AA composition and free Met content in the diets are presented in Table 3.2.4 
and Figure 3.2.2. In Exp. 2, L- or D-Met chiral analysis of the experimental diets was 
performed (Table 3.2.5). The highest Met content in the diet was 0.310% by the addition 
of 0.120% supplemental Met (Treatment 4 and 7), and was 79% of the 2012 NRC 
requirement estimate (SID Met requirement: 0.39% for 7-11 kg BW) to give room for L-
Met effect if bioavailability of L-Met is higher than that of DL-Met.  
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Table 3.2.3. Composition of the experimental diets in Exp. 2 (%, as-fed basis) 
Ingredient Basal diet High Met (DL or L) 
Corn  55.950 55.950 
Soybean meal (48% CP) 1.000 1.000 
Plasma protein  11.000 11.000 
Whey dried 20.000 20.000 
Grease 3.000 3.000 
Sand 2.500 2.500 
Corn starch 2.500 2.380 
L-Lys∙HCl 0.500 0.500 
L-Thr 0.180 0.180 
L-Ile 0.320 0.320 
L-Trp 0.030 0.030 
L-Val 0.150 0.150 
L-Phe 0.100 0.100 
DL or L-Met
1
 0.000 0.120 
Dicalcium phosphate 0.500 0.500 
Limestone 1.500 1.500 
Salt 0.500 0.500 
Trace mineral premix
2
 0.150 0.150 
Vitamin premix
3
 0.100 0.100 
Santoquin 0.020 0.020 
Total 100.00 100.00 
Chemical composition 
    ME, kcal/kg 3,351 3,346 
  CP, % 16.85 16.92 
  Total Lys, % 1.500 (1.348)
4
 1.500 (1.348) 
  Total Met, % 0.223 (0.191) 0.342(0.310) 
  Total Cys, % 0.414 (0.351) 0.414 (0.351) 
  Total Met + Cys, % 0.636 (0.542) 0.755 (0.661) 
  Total Arg, % 0.77 (0.70) 0.77 (0.70) 
  Total His, % 0.46 (0.40) 0.46 (0.40) 
  Total Ile, % 0.91 (0.83) 0.91 (0.83) 
  Total Leu, % 1.68 (1.49) 1.68 (1.49) 
  Total Phe, % 0.89 (0.78) 0.89 (0.78) 
  Total Tyr, % 0.62 (0.49) 0.62 (0.49) 
  Total Phe + Tyr, % 1.52 (1.28) 1.52 (1.28) 
  Total Thr, % 1.10 (0.92) 1.10 (0.92) 
  Total Trp, % 0.29 (0.27) 0.29 (0.27) 
  Total Val, % 1.11 (0.96) 1.11 (0.96) 
  Ca, % 0.83 0.83 
  Total P, % 0.53 0.53 
  STTD
5
 P, % 0.40 0.40 
1Either DL-Met or L-Met at 0.120% was added to basal diet to mix the high DL- or L-Met diet, respectively. 
2The trace mineral premix supplied the following per kilogram of diet: 50.0 mg of Mn as manganous sulfate, 100 mg 
of Fe as ferrous sulfate, 125 mg of Zn as zinc sulfate, 20.0 mg of Cu as copper sulfate, 0.35 mg of I as calcium 
iodate, and 0.30 mg of Se as sodium selenite. 
3The vitamin premix supplied the following per kilogram of diet: 11,000 IU of vitamin A, 1,100 IU of vitamin D3, 
77 IU of vitamin E, 2.2 mg of vitamin K, 0.03 mg of vitamin B12, 8.25 mg of riboflavin, 27.50 mg of pantothenic 
acid, 30.25 mg of niacin, 4.95 mg of folic acid, 4.95 mg of vitamin B6, 1.65 mg of thiamin, and 0.36 mg of biotin. 
4 The values in parenthesis are standardized ileal digestible AA. 
5 STTD = standardized total tract digestible. 
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Table 3.2.4 Analyzed total amino acid and free Met analysis of the experimental diets in Exp. 2 
(as-fed basis) 
   Supplemental DL-Met, % Supplemental L-Met, % 
Item Calculated
1
 
Basal 
diet 
0.040 0.080 0.120 0.040 0.080 0.120 
Lys, % 1.500 1.437 1.382 1.453 1.437 1.522 1.437 1.395 
Met, % 0.223 0.212 0.224 0.255 0.291 0.250 0.270 0.302 
Cys, % 0.414 0.408 0.387 0.392 0.389 0.404 0.401 0.395 
Met + Cys, % 0.636 0.620 0.611 0.647 0.680 0.654 0.671 0.697 
Arg, % 0.771 0.767 0.720 0.716 0.753 0.778 0.752 0.746 
His, % 0.459 0.427 0.406 0.409 0.414 0.436 0.428 0.423 
Ile, % 0.907 0.893 0.857 0.861 0.869 0.903 0.886 0.887 
Leu, % 1.677 1.622 1.505 1.523 1.524 1.596 1.562 1.568 
Phe, % 0.894 0.886 0.836 0.850 0.864 0.885 0.876 0.868 
Tyr, % 0.624 0.607 0.551 0.574 0.593 0.615 0.587 0.576 
Phe + Tyr, % 1.518 1.493 1.387 1.424 1.457 1.500 1.463 1.444 
Thr, % 1.099 0.997 0.959 0.987 0.961 1.014 1.010 0.994 
Trp, % 0.289 0.313 0.306 0.302 0.300 0.279 0.302 0.305 
Val, % 1.111 1.082 1.027 1.040 1.055 1.105 1.062 1.069 
Free Met, %         
  Analyzed  0.003 0.044 0.073 0.114 0.039 0.077 0.112 
  Corrected  0.000 0.041 0.070 0.111 0.036 0.074 0.109 
1
 The calculated values of the basal diet. 
 
Table 3.2.5. Analyzed value of L- or D-Met in the experimental diets in Exp. 2 (as-fed basis) 
Item  L-Met (%) D-Met (%) 
Basal diet 
Replicate 1 N.D. 
1
 N.D. 
Replicate 2 N.D. N.D. 
Average N.D. N.D. 
0.120% of DL-Met 
Replicate 1 0.064 0.063 
Replicate 2 0.073 0.073 
Average 0.069 0.068 
0.120% of L-Met 
Replicate 1 0.112 N.D. 
Replicate 2 0.114 N.D. 
Average 0.113 N.D. 
1
N.D. = None detected    
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Figure 3.2.2. Free Met analysis regression in Exp.2 
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2) Basal diet + 0.033% of supplemental DL-Met (0.234% of SID Met in the diet),  
3) Basal diet + 0.067% of supplemental DL-Met (0.267% of SID Met in the diet),  
DL: y = 0.9179x 
R² = 0.9953 
L: y = 0.9125x 
R² = 0.9998 
0 
0.02 
0.04 
0.06 
0.08 
0.1 
0.12 
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 
F
re
e 
M
et
 (
%
) 
Supplemental Met (%) 
DL 
L 
 34 
 
4) Basal diet + 0.100% of supplemental DL-Met (0.300% of SID Met in the diet),  
5) Basal diet + 0.033% of supplemental L-Met (0.234% of SID Met in the diet),  
6) Basal diet + 0.067% of supplemental L-Met (0.267% of SID Met in the diet), and  
7) Basal diet + 0.100% of supplemental L-Met (0.300% of SID Met in the diet).  
Diet formulation and chemical composition is presented in Table 3.2.6 and 
analyzed AA composition and free Met content in the diets are presented in Table 3.2.7 
and Figure 3.2.3. The highest Met content in the diet was 0.300% by the addition of 0.100% 
supplemental Met (Treatment 4 and 7), and was 77% of the 2012 NRC requirement 
estimate (SID Met requirement: 0.39% for 7-11 kg BW) to give room for L-Met effect if 
bioavailability of L-Met is higher than that of DL-Met.   
 
Preference study 
 Three comparisons were: 
1) Basal diet vs. 0.067% DL-Met diet (Comparison 1) 
2) Basal diet vs. 0.067% L-Met diet (Comparison 2), and  
3) 0.067% DL-Met diet vs. 0.067% L-Met diet (Comparison 3).  
  The second highest (or intermediate) level of supplemental Met used in the 
growth study was chosen for the preference study in order to avoid a response 
limitation by excessive Met intake over the Met requirement if there was an 
unexpectedly high feed intake.   
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Table 3.2.6. Composition of the experimental diets in Exp. 3 (%, as-fed basis) 
Ingredient Basal diet High Met (DL or L) 
Corn  55.976 55.976 
SBM (48% CP) 5.000 5.000 
Plasma protein  9.000 9.000 
Whey dried 20.000 20.000 
Grease 1.000 1.000 
Sand 2.500 2.500 
Corn starch 2.500 2.400 
L-Lys∙HCl 0.519 0.519 
L-Thr 0.200 0.200 
L-Ile 0.320 0.320 
L-Trp 0.040 0.040 
L-Val 0.150 0.150 
L-Phe 0.100 0.100 
DL or L-Met
1
 0.000 0.100 
Dicalcium phosphate 0.600 0.600 
Limestone 1.325 1.325 
Salt 0.500 0.500 
Trace mineral premix
2
 0.150 0.150 
Vitamin premix
3
 0.100 0.100 
Santoquin 0.020 0.020 
Total 100.00 100.00 
Chemical composition 
    ME, kcal/kg 3,290 3,286 
  CP, % 17.29 17.35 
  Total Lys, % 1.497 (1.350)
4
 1.497 (1.350) 
  Total Met, % 0.233 (0.201) 0.332 (0.300) 
  Total Cys, % 0.392 (0.333) 0.392 (0.333) 
  Total Met + Cys, % 0.625 (0.534) 0.724 (0.633) 
  Total Arg, % 0.83 (0.75) 0.83 (0.75) 
  Total His, % 0.46 (0.40) 0.46 (0.40) 
  Total Ile, % 0.95 (0.87) 0.95 (0.87) 
  Total Leu, % 1.68 (1.49) 1.68 (1.49) 
  Total Phe, % 0.91 (0.80) 0.91 (0.80) 
  Total Tyr, % 0.62 (0.50) 0.62 (0.50) 
  Total Phe + Tyr, % 1.53 (1.29) 1.53 (1.29) 
  Total Thr, % 1.09 (0.93) 1.09 (0.93) 
  Total Trp, % 0.30 (0.27) 0.30 (0.27) 
  Total Val, % 1.09 (0.95) 1.09 (0.95) 
  Ca, % 0.80 0.80 
  Total P, % 0.55 0.55 
  STTD
5
 P 0.40 0.40 
1Either DL-Met or L-Met at 0.100% was added to basal diet to mix the high DL- or L-Met diet, respectively. 
2The trace mineral premix supplied the following per kilogram of diet: 50.0 mg of Mn as manganous sulfate, 100 mg 
of Fe as ferrous sulfate, 125 mg of Zn as zinc sulfate, 20.0 mg of Cu as copper sulfate, 0.35 mg of I as calcium iodate, 
and 0.30 mg of Se as sodium selenite. 
3The vitamin premix supplied the following per kilogram of diet: 11,000 IU of vitamin A, 1,100 IU of vitamin D3, 77 
IU of vitamin E, 2.2 mg of vitamin K, 0.03 mg of vitamin B12, 8.25 mg of riboflavin, 27.50 mg of pantothenic acid, 
30.25 mg of niacin, 4.95 mg of folic acid, 4.95 mg of vitamin B6, 1.65 mg of thiamin, and 0.36 mg of biotin. 
4 The values in parenthesis are standardized ileal digestible AA. 
5 STTD = standardized total tract digestible. 
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Table 3.2.7. Analyzed total amino acid and free Met analysis of the experimental diets in Exp. 3 (as-
fed basis) 
   Supplemental DL-Met, % Supplemental L-Met, % 
Item Calculated
1
 
Basal 
diet 
0.033 0.067 0.100 0.033 0.067 0.100 
Lys, % 1.497 1.373 1.449 1.321 1.396 1.318 1.418 1.300 
Met, % 0.233 0.190 0.230 0.260 0.280 0.210 0.250 0.260 
Cys, % 0.392 0.370 0.390 0.390 0.380 0.390 0.390 0.360 
Met + Cys, % 0.625 0.560 0.620 0.650 0.660 0.600 0.640 0.620 
Arg, % 0.827 0.774 0.830 0.844 0.832 0.799 0.851 0.811 
His, % 0.462 0.426 0.441 0.440 0.447 0.429 0.454 0.449 
Ile, % 0.947 0.902 0.946 0.942 0.948 0.923 0.971 0.941 
Leu, % 1.675 1.562 1.610 1.628 1.632 1.597 1.631 1.604 
Phe, % 0.909 0.872 0.919 0.921 0.923 0.915 0.934 0.899 
Tyr, % 0.617 0.583 0.616 0.595 0.608 0.594 0.618 0.596 
Phe + Tyr, % 1.525 1.455 1.535 1.516 1.531 1.509 1.552 1.495 
Thr, % 1.089 0.906 0.977 0.958 0.980 0.935 0.981 0.951 
Trp, % 0.295 0.250 0.271 0.266 0.270 0.248 0.267 0.277 
Val, % 1.094 0.996 1.028 1.042 1.037 1.010 1.080 1.009 
Free Met, %         
  Analyzed  0.006 0.037 0.072 0.102 0.036 0.068 0.099 
  Corrected  0.000 0.031 0.066 0.096 0.030 0.062 0.093 
1
 The calculated values of the basal diet. 
 
 
Figure 3.2.3. Free Met analysis regression in Exp.3 
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Experiment 4 
Growth trial 
The dietary treatments were:  
1) Basal diet in which the formulated SID Met content was driven down to 0.184% 
through use of ingredients such as spray dried animal plasma (which has a low 
Met/Lys ratio) and aggressive use of synthetic AA. The Met content was 47% and 
58% of the 2012 and 1998 NRC requirement estimate, respectively, (SID Met 
requirement: 0.39% for 7-11 kg BW for NRC, 2012; 0.32% for 5-10 kg BW for 
NRC, 1998, respectively).  
2) Basal diet + 0.040% of supplemental DL-Met (0.224% of SID Met in the diet),  
3) Basal diet + 0.080% of supplemental DL-Met (0.263% of SID Met in the diet),  
4) Basal diet + 0.120% of supplemental DL-Met (0.303% of SID Met in the diet),  
5) Basal diet + 0.040% of supplemental L-Met (0.224% of SID Met in the diet),  
6) Basal diet + 0.080% of supplemental L-Met (0.263% of SID Met in the diet) and  
7) Basal diet + 0.120% of supplemental L-Met (0.303% of SID Met in the diet).  
Whey permeate was used to facilitate an even lower SID Met content than that of 
previous studies; this was done to mimic this ingredient use as was used by Shen et al. 
(2014) where a response to L-Met was reported. The dried whey used in Exp. 1 through 
Exp. 3 contains 0.17% of SID Met whereas whey permeate contains 0.01% of SID Met 
which is lower than dried whey calculated by multiplying analyzed Met and SID values in 
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NRC (2012). Whey permeate contains 3.8% CP (NRC 1998) with 0.05% SID Lys and 
0.06% SID Met + Cys. Diet formulation and chemical composition is presented in Table 
3.2.8 and analyzed AA composition and free Met content in the diets are presented in 
Table 3.2.9 and Figure 3.2.4. The highest Met content in the diet was 0.303% by the 
addition of 0.120% supplemental Met (Treatment 4 and 7), and was 78% and 95% of the 
2012 and 1998 NRC requirement estimate, respectively, (SID Met requirement: 0.39% for 
7-11 kg BW for NRC, 2012; 0.32% for 5-10 kg BW for NRC, 1998, respectively) to give 
a room for L-Met effect if bioavailability of L-Met is higher than that of DL-Met. To 
utilize the protein source which has lower level of Met, whey permeate was chosen in Exp. 
4.  
Preference study 
 Three comparisons were: 
1) Basal diet vs. 0.080% DL-Met diet (Comparison 1) 
2) Basal diet vs. 0.080% L-Met diet (Comparison 2), and  
3) 0.080% DL-Met diet vs. 0.080% L-Met diet (Comparison 3).  
 The second highest (or intermediate) level of supplemental Met used in the growth 
study was chosen for the preference study in order to avoid a response limitation by 
excessive Met intake over the Met requirement if there was an unexpectedly high feed 
intake. 
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Table 3.2.8. Composition of the experimental diets in Exp. 4 (%, as-fed basis) 
Ingredient Basal diet High Met (DL or L) 
Corn  48.630 48.630 
SBM (48% CP) 7.000 7.000 
Plasma protein  7.000 7.000 
Whey permeate 25.000 25.000 
Grease 3.000 3.000 
Sand 2.500 2.500 
Corn starch 2.500 2.380 
L-Lys∙HCl 0.540 0.540 
L-Thr 0.250 0.250 
L-Ile 0.350 0.350 
L-Trp 0.080 0.080 
L-Val 0.160 0.160 
L-Phe 0.120 0.120 
DL or L-Met
1
 0.000 0.120 
Dicalcium phosphate 0.870 0.870 
Limestone 1.230 1.230 
Salt 0.500 0.500 
Trace mineral premix
2
 0.150 0.150 
Vitamin premix
3
 0.100 0.100 
Santoquin 0.020 0.020 
Total 100.00 100.00 
Chemical composition 
    ME, kcal/kg 3,396 3,391 
  CP, % 15.37 15.44 
  Total Lys, % 1.313 (1.206)
4
 1.313 (1.206) 
  Total Met, % 0.204 (0.184) 0.323 (0.303) 
  Total Cys, % 0.324 (0.286) 0.324 (0.286) 
  Total Met + Cys, % 0.528 (0.471) 0.647 (0.590) 
  Total Arg, % 0.73 (0.67) 0.73 (0.67) 
  Total His, % 0.39 (0.35) 0.39 (0.35) 
  Total Ile, % 0.85 (0.77) 0.85 (0.77) 
  Total Leu, % 1.33 (1.19) 1.33 (1.19) 
  Total Phe, % 0.79 (0.73) 0.79 (0.73) 
  Total Tyr, % 0.54 (0.51) 0.54 (0.51) 
  Total Phe + Tyr, % 1.33 (1.24) 1.33 (1.24) 
  Total Thr, % 0.94 (0.85) 0.94 (0.85) 
  Total Trp, % 0.28 (0.26) 0.28 (0.26) 
  Total Val, % 0.94 (0.84) 0.94 (0.84) 
  Ca, % 0.80 0.80 
  Total P, % 0.65 0.65 
  STTD
5
 P 0.44 0.44 
1 Either DL-Met or L-Met at 0.120% was added to basal diet to mix the high DL- or L-Met diet, respectively. 
2 The trace mineral premix supplied the following per kilogram of diet: 50.0 mg of Mn as manganous sulfate, 100 
mg of Fe as ferrous sulfate, 125 mg of Zn as zinc sulfate, 20.0 mg of Cu as copper sulfate, 0.35 mg of I as calcium 
iodate, and 0.30 mg of Se as sodium selenite. 
3 The vitamin premix supplied the following per kilogram of diet: 11,000 IU of vitamin A, 1,100 IU of vitamin D3, 
77 IU of vitamin E, 2.2 mg of vitamin K, 0.03 mg of vitamin B12, 8.25 mg of riboflavin, 27.50 mg of pantothenic 
acid, 30.25 mg of niacin, 4.95 mg of folic acid, 4.95 mg of vitamin B6, 1.65 mg of thiamin, and 0.36 mg of biotin. 
4 The values in parenthesis are standardized ileal digestible AA. 
5 STTD = standardized total tract digestible. 
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Table 3.2.9. Analyzed total amino acid and free Met analysis of the experimental diets in Exp. 4 (as-fed 
basis) 
   Supplemental DL-Met, % Supplemental L-Met, % 
Item Calculated
1
 
Basal  
diet 
0.040 0.080 0.120 0.040 0.080 0.120 
Lys, % 1.313 1.285 1.306 1.316 1.227 1.270 1.282 1.389 
Met, % 0.204 0.183 0.219 0.237 0.273 0.217 0.229 0.300 
Cys, % 0.324 0.302 0.296 0.308 0.303 0.303 0.293 0.324 
Met + Cys, % 0.528 0.485 0.515 0.545 0.576 0.520 0.522 0.624 
Arg, % 0.731 0.741 0.732 0.725 0.722 0.728 0.694 0.752 
His, % 0.389 0.364 0.365 0.364 0.358 0.361 0.352 0.374 
Ile, % 0.852 0.833 0.891 0.825 0.833 0.827 0.846 0.851 
Leu, % 1.332 1.287 1.292 1.322 1.281 1.296 1.276 1.339 
Phe, % 0.789 0.775 0.784 0.819 0.793 0.762 0.778 0.801 
Tyr, % 0.544 0.492 0.479 0.506 0.474 0.456 0.480 0.482 
Phe + Tyr, % 1.333 1.267 1.263 1.325 1.267 1.218 1.258 1.283 
Thr, % 0.937 0.857 0.857 0.884 1.016 0.845 0.888 0.846 
Trp, % 0.278 0.302 0.309 0.294 0.305 0.304 0.288 0.284 
Val, % 0.940 0.881 0.879 0.877 0.835 0.863 0.850 0.891 
Free Met, %         
  Analyzed  0.006 0.041 0.089 0.128 0.041 0.086 0.125 
  Corrected  0.000 0.035 0.083 0.122 0.035 0.080 0.119 
1
The calculated values of the basal diet. 
 
 
 
Figure 3.2.4. Free Met analysis regression in Exp.4 
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3.2.3. Diet mixing procedures 
A similar diet mixing procedure was applied to all studies because of a similar 
treatment design in each study. For Exp. 1 to 4, a single diet mixing was made for the 
entire 21 days. SID Met (0.209, 0.191, 0.201, and 0.184% for Exp. 1 through 4, 
respectively) and Met+Cys (0.569, 0.542, 0.534, and 0.471%) content in the basal diet 
was as low as possible but all other essential AA were in slight excess of the NRC (2012) 
requirement estimates based on their ratio to Lys. Aggressive use of synthetic Lys, Thr, 
Ile, Trp, Val, and Phe were employed to meet the AA requirement. To reduce potential 
variations and errors in diet mixing, the summit diet mixing procedure was used for all 4 
experiments wherein a large amount of the basal diet was initially mixed without 
supplemental Met, and then 0.160, 0.120, 0.100, and 0.120% (Exp. 1 to 4, respectively) of 
either DL- or L-Met source was added to an appropriate proportion of basal diet with 
replacement of corn starch to create the high DL- or L-Met diets (0.367, 0.310, 0.300, and 
0.303% of Met content for Exp. 1 through 4, respectively). At this point, Diets 1, 4, and 7 
were complete. Then, the basal diet and the high DL or L-Met diets were blended to 
create the diets for each intermediate Met levels, respectively. Specifically, Diets 1 and 4 
were blended in appropriate ratios to create Diets 2 and 3; Diets 1 and 7 were blended in 
appropriate ratios to create Diets 5 and 6 (for more complete description, see Appendix 
1.2).  
 
3.2.4. Data and sample collection 
The response measures included the standard performance measures of ADG, 
average daily feed intake (ADFI), and G:F ratio. For all growth and preference studies, 
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individual pig weights and feed disappearance for the pen were obtained weekly. Feed 
samples were sent to the University of Missouri Experiment Station laboratories for total 
AA and free Met analyses. Blood samples were collected on d 7, d 14 (not in Exp. 1), and 
d 21 from all experiments to analyze PUN concentrations. Plasma urea nitrogen 
concentrations were analyzed by using a PUN assay kit (Pointe Scientific, Inc., Canton 
MI) according to the manufacturer’s instruction (see Appendix 1.3).  
 
3.2.5. Statistical analysis 
Growth performance and PUN data were analyzed by Proc GLM of ANOVA 
procedures in SAS (SAS Inst. Inc., Cary, NC). Preplanned contrasts were conducted for 
the effects of Met sources (basal diet vs. L-Met, basal diet vs. DL-Met, and L-Met vs. 
DL-Met). The pen was considered the experimental unit. Statistical outliers within each 
treatment were identified using Grubb’s test outlier calculator (GraphPad Software, Inc., 
San Diego, CA) but there were no outlier detected. In Exp. 2, one pig in 0.120% DL-Met 
treatment was removed from the experiment and whole data set due to a swollen leg at d 
14 post-weaning. In Exp. 4, one pig in 0.120% DL-Met treatment was removed from the 
experiment and whole data set due to a sudden death immediately after bleeding at d 14 
post-weaning. Feed intake of those pens was adjusted based on Lindemann and Kim 
(2007). A nonlinear exponential model was used to determine the effectiveness of L-Met 
relative to DL-Met from ADG, G:F ratio and PUN concentrations. The following 
nonlinear equation was applied: 
y = B1 + B2 (1 - e 
- (B3x1 + B4x2)) 
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in which y = performance criterion (ADG, G:F ratio and PUN concentrations); 
B1 = intercept (animal performance with basal diet); B2 = asymptotic response, B3= 
steepness coefficient for DL-Met, B4 = steepness coefficient for L-Met, and x1, x2 = 
dietary level of DL-Met and L-Met, respectively. According to Littell et al. (1997), 
relative bioavailability values for L-Met relative to DL-Met were given by the ratio of 
their c-values (100 × [B4/B3]). 
The preference data for Exp. 3 and 4 was analyzed by unpaired T-test using the 
GraphPad Prism program (GraphPad Software). The α level used for determination of 
statistical significance was 0.05, and a trend was 0.10.  
 
3.3. Results 
Experiment 1 
There were treatment effects (P < 0.05) on BW, ADG, ADFI, and G:F ratio for 
all individual and combined experimental periods in which the Met supplementation 
groups always had greater BW, ADG, ADFI and G:F ratio compared to the control 
group except G:F ratio for d 14-21 in which there was no difference among all dietary 
treatments (Table 3.3.1). In the comparison between the basal and DL-Met diets, pigs in 
the DL-Met group always had greater BW, ADG, ADFI, and G:F ratio (P < 0.05) except 
that there was no difference on G:F ratio for d 14-21. Pigs in the DL-Met group had 
lower PUN concentrations than those in the control group for all periods (P < 0.01). In 
the comparison between the basal and L-Met diets, pigs in the L-Met group always had 
greater BW, ADG, ADFI, and G:F ratio (P < 0.01) except that there was no difference 
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on G:F ratio for d 14-21. Pigs in the L-Met group had lower PUN concentrations than 
those in the control group for all periods (P < 0.01). In the comparison between the DL-
Met and L-Met diets, pigs in the L-Met group had greater ADG and G:F ratio in the d 0-
7 (P < 0.05) period than those in the DL-Met group whereas pigs in the DL-Met group 
tended to have greater ADG in the d 7-14 period than those in the L-Met group (P = 
0.09). However, there were no significant differences in the rest of the experimental 
periods. There was no significant difference in PUN concentrations between the DL-Met 
and L-Met groups for any period. Relative bioavailability of L-Met to DL-Met was 
368.4 and 96.8% for ADG and PUN concentrations for d 0-7, respectively (Figure 3.3.1). 
For d 0-14 in ADG, relative bioavailability of L-Met to DL-Met was 111.1% (Figure 
3.3.2). The extremely large values obtained for G:F ratio are not in the biological 
response range so the value is not meaningful in itself to compare the Met sources 
(Table 3.3.7). The error terms associated with these estimates of relative bioavailability 
were very high and resulted in none of the estimates differing significantly from 100%.  
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Table 3.3.1. Growth performance and PUN concentrations of nursery pigs fed the diets containing graded levels of either DL-Met or L-Met (Exp. 1)
1,2
 
  Supplemental DL-Met, % Supplemental L-Met, % 
 
P-values 
Item Basal diet (BD) 0.053 0.107 0.160 0.053 0.107 0.160 SEM Diet 
BD vs. 
DL-Met 
BD vs. 
L-Met 
L-Met vs. 
DL-Met 
Body weight, kg 
  d 0 7.00 6.99 6.94 6.97 6.84 6.95 6.99 0.047 0.31 0.64 0.22 0.27 
  d 7 8.11 8.68 8.72 8.75 8.75 9.20 8.87 0.161 0.01 0.004 0.0003 0.11 
  d 14 9.87 12.07 12.04 12.31 11.85 12.68 12.14 0.214 <0.0001 <0.0001 <0.0001 0.63 
  d 21 13.45 16.37 16.57 17.02 16.32 17.40 16.46 0.330 <0.0001 <0.0001 <0.0001 0.79 
ADG, kg/d 
  d 0-7 0.159 0.241 0.253 0.254 0.272 0.321 0.269 0.021 0.002 0.001 <0.0001 0.04 
  d 7-14 0.252 0.484 0.475 0.508 0.443 0.498 0.467 0.014 <0.0001 <0.0001 <0.0001 0.09 
  d 14-21 0.510 0.615 0.647 0.673 0.639 0.674 0.618 0.024 0.003 0.0002 0.0002 0.93 
  d 0-14 0.206 0.362 0.364 0.381 0.358 0.409 0.368 0.014 <0.0001 <0.0001 <0.0001 0.43 
  d 0-21 0.307 0.447 0.458 0.479 0.451 0.498 0.451 0.015 <0.0001 <0.0001 <0.0001 0.65 
ADFI, kg/d 
  d 0-7 0.273 0.346 0.395 0.373 0.358 0.448 0.397 0.034 0.06 0.02 0.004 0.30 
  d 7-14 0.424 0.696 0.711 0.739 0.646 0.740 0.729 0.023 <0.0001 <0.0001 <0.0001 0.59 
  d 14-21 0.826 1.063 1.067 1.088 1.039 1.087 1.012 0.040 0.003 <0.0001 0.0002 0.43 
  d 0-14 0.348 0.521 0.553 0.556 0.502 0.594 0.563 0.026 <0.0001 <0.0001 <0.0001 0.65 
  d 0-21 0.508 0.701 0.724 0.733 0.681 0.758 0.713 0.028 0.0002 <0.0001 <0.0001 0.92 
G:F ratio 
  d 0-7 0.581 0.689 0.632 0.676 0.769 0.705 0.681 0.028 0.007 0.02 0.0005 0.04 
  d 7-14 0.598 0.700 0.675 0.693 0.690 0.675 0.646 0.021 0.04 0.002 0.009 0.29 
  d 14-21 0.616 0.580 0.607 0.617 0.614 0.622 0.610 0.013 0.38 0.34 0.98 0.19 
  d 0-14 0.591 0.698 0.663 0.687 0.713 0.687 0.660 0.015 0.0006 <0.0001 <0.0001 0.75 
  d 0-21 0.605 0.639 0.634 0.652 0.663 0.656 0.635 0.010 0.02 0.006 0.0009 0.25 
PUN, μg/mL 
  d 7 8.11 4.31 3.66 3.84 4.51 3.78 2.75 0.513 <0.0001 <0.0001 <0.0001 0.53 
  d 21 10.53 6.45 4.87 5.43 6.23 6.27 5.24 0.632 0.0001 <0.0001 <0.0001 0.54 
1 Least squares means of 4 replicates per treatment. 
2ADG = average daily gain, ADFI = average daily feed intake, G:F = gain:feed ratio, and PUN = plasma urea nitrogen. 
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Figure 3.3.1. Average daily gain (ADG), gain:feed (G:F) ratio and plasma urea nitrogen (PUN) concentrations of pigs with increasing level of 
either supplemental L-Met or DL-Met from d 0 to 7 in Exp. 1. 
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Figure 3.3.2. Average daily gain (ADG), and gain:feed (G:F) ratio of pigs with increasing level of either supplemental L-Met or DL-Met from d 0 
to 14.
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Experiment 2 
There were treatment effects (P < 0.05) on BW, ADG, ADFI, and G:F ratio for 
all individual and combined experimental periods in which the Met supplementation 
group always had greater BW, ADG, ADFI and G:F ratio except G:F ratio for d 14-21 in 
which there was no difference among all dietary treatments (Table 3.3.2). In comparison 
between the basal and DL-Met diets, pigs in the DL-Met group always had greater BW, 
ADG, ADFI, and G:F ratio (P < 0.01) except that there was no difference on G:F ratio 
for d 14-21. Pigs in the DL-Met group had lower PUN concentrations than those in the 
control group for all periods (P = 0.05 for d 7 and P < 0.0001 for d 14 and 21). In 
comparison between the basal and L-Met diets, pigs in the L-Met group always had 
greater (P < 0.01) BW, ADG, ADFI, and G:F ratio (with the exception of d 14-21, P = 
0.09). Pigs in the L-Met group had lower PUN concentrations than those in the control 
group for the entire period (P = 0.07 for d 7 and P < 0.0001 for d 14 and 21). In 
comparison between DL-Met and L-Met diets, pigs in the DL-Met group had greater 
BW than those in the L-Met group (P < 0.05) at all periods. The ADG and ADFI were 
greater (P < 0.05) or tended to be greater (P = 0.06 for d 0-7) in the DL-Met group 
compared to the L-Met group at all supplementation levels except for d 14-21 (P = 0.49 
and 0.91 for ADG and ADFI, respectively). There were no statistically significant 
differences in G:F ratios and PUN concentrations between DL- and L-Met groups. 
Relative bioavailability of L-Met to DL-Met was 61.8, 73.2 and 50.1% for ADG, G:F 
ratio, and PUN concentrations for d 0-7, respectively (Figure 3.3.3). For d 0-14 ADG, 
G:F ratio and PUN concentrations, relative bioavailability of L-Met to DL-Met was 63.0, 
75.3, and 97.9% (Figure 3.3.4). Therefore, all response measures indicated that the 
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bioavailability of L-Met was lower than that of DL-Met (Table 3.3.7). 
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Table 3.3.2. Growth performance and PUN concentrations of nursery pigs fed the diets containing graded levels of either DL-Met or L-Met 
(Exp. 2)
1-3
 
 
 
Supplemental DL-Met, % Supplemental L-Met, % 
 
P-values 
Item 
Basal diet 
(BD) 
0.040 0.080 0.120 0.040 0.080 0.120 SEM Diet 
BD vs. 
DL-Met 
BD vs. 
L-Met 
L-Met vs. 
DL-Met 
Body weight, kg 
  d 0 6.87 6.86 6.86 6.92 6.85 6.85 6.86 0.03 0.50  0.62  0.73  0.24  
  d 7 7.70 8.25 8.95 8.98 8.05 8.65 8.64 0.15 <0.0001 <0.0001 0.0003  0.03  
  d 14 8.85 10.81 12.48 12.70 10.62 11.54 11.82 0.19 <0.0001 <0.0001 <0.0001 0.001  
  d 21 10.25 13.36 15.98 16.35 13.73 15.10 15.28 0.28 <0.0001 <0.0001 <0.0001 0.03  
ADG, kg/d 
  d 0-7 0.119 0.199 0.298 0.294 0.170 0.257 0.254 0.022 0.0001  <0.0001 0.001  0.06  
  d 7-14 0.163 0.366 0.505 0.531 0.367 0.413 0.455 0.018 <0.0001 <0.0001 <0.0001 0.002  
  d 14-21 0.200 0.364 0.500 0.522 0.445 0.508 0.493 0.035 <0.0001 <0.0001 <0.0001 0.49  
  d 0-14 0.141 0.282 0.401 0.413 0.269 0.335 0.354 0.014 <0.0001 <0.0001 <0.0001 0.001  
  d 0-21 0.161 0.310 0.434 0.449 0.328 0.393 0.401 0.014 <0.0001 <0.0001 <0.0001 0.049  
ADFI, kg/d 
  d 0-7 0.257 0.316 0.438 0.416 0.297 0.372 0.360 0.029 0.004  0.001  0.02  0.06  
  d 7-14 0.323 0.585 0.822 0.834 0.594 0.689 0.700 0.034 <0.0001 <0.0001 <0.0001 0.006  
  d 14-21 0.391 0.684 0.879 0.905 0.788 0.837 0.830 0.042 <0.0001 <0.0001 <0.0001 0.91  
  d 0-14 0.290 0.450 0.630 0.625 0.446 0.531 0.530 0.027 <0.0001 <0.0001 <0.0001 0.007  
  d 0-21 0.324 0.528 0.713 0.718 0.560 0.633 0.630 0.025 <0.0001 <0.0001 <0.0001 0.04  
G:F ratio 
  d 0-7 0.482 0.652 0.705 0.733 0.573 0.706 0.728 0.026 <0.0001 <0.0001 <0.0001 0.21  
  d 7-14 0.509 0.625 0.621 0.653 0.627 0.609 0.651 0.029 0.04  0.002  0.002  0.86  
  d 14-21 0.500 0.523 0.570 0.577 0.554 0.605 0.594 0.035 0.36  0.18  0.051  0.35  
  d 0-14 0.490 0.626 0.637 0.668 0.601 0.632 0.669 0.019 <0.0001 <0.0001 <0.0001 0.55  
  d 0-21 0.494 0.585 0.610 0.628 0.583 0.619 0.636 0.012 <0.0001 <0.0001 <0.0001 0.63  
PUN, μg/mL 
  d 7 5.86 4.12 4.66 3.86 5.10 4.19 3.88 0.67 0.36 0.050 0.07 0.77 
  d 14 10.20 6.91 4.60 3.45 7.42 4.34 3.50 0.52 <0.0001 <0.0001 <0.0001 0.81 
  d 21 9.04 6.87 4.89 2.85 7.06 4.78 3.58 0.46 <0.0001 <0.0001 <0.0001 0.48 
1 Least squares means of 4 replicates per treatment. 
2 One pig in 0.120% DL-Met treatment was removed from the experiment and whole data set due to a swollen leg at d 14 post-weaning. 
3ADG = average daily gain, ADFI = average daily feed intake, G:F = gain:feed ratio, and PUN = plasma urea nitrogen. 
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Figure 3.3.3. Average daily gain (ADG), gain:feed (G:F) ratio and plasma urea nitrogen (PUN) concentrations of pigs with increasing level of 
either supplemental L-Met or DL-Met from d 0 to 7 in Exp. 2. 
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Figure 3.3.4. Average daily gain (ADG), gain:feed (G:F) ratio and plasma urea nitrogen (PUN) concentrations of pigs with increasing level of 
either supplemental L-Met or DL-Met from d 0 to 14 in Exp. 2.
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Experiment 3 
There were treatment effects (P < 0.05) on BW, ADG, ADFI, and G:F ratio for 
all individual and combined experimental periods in which the Met supplementation 
groups always had greater BW, ADG, ADFI and G:F ratio (Table 3.3.3). In comparison 
between the basal and DL-Met diets, pigs in the DL-Met group always had greater BW, 
ADG, ADFI, and G:F ratio (P < 0.05). Pigs in the DL-Met group had lower PUN 
concentrations than those in the control group for all periods (P < 0.01). In comparison 
between the basal and L-Met diets, pigs in the L-Met group always had greater BW, 
ADG, ADFI, and G:F ratio (P < 0.01) than those in the control group for the all periods. 
Pigs in the L-Met group had lower PUN concentrations than those in the control group 
for the all periods (P < 0.01). In comparison between the DL-Met and L-Met diets, there 
were no statistically significant differences in BW, ADG, ADFI, G:F ratios and PUN 
concentrations. Relative bioavailability of L-Met to DL-Met was 95.9, 104.6, and 108.5% 
for ADG, G:F ratio, and PUN concentrations for d 0-7, respectively (Figure 3.3.5). For d 
0-14 ADG, G:F ratio and PUN concentrations, relative bioavailability of L-Met to DL-
Met was 100.4, 147.3, and 104.1% (Figure 3.3.6). The bioavailability of L-Met was 
greater than DL-Met based on G:F ratio and PUN concentrations (Table 3.3.7). There 
was no preference observed between basal, 0.067% DL-Met and 0.067% L-Met diets 
during the entire experimental periods (Table 3.3.4) except the overall period (d 0-21) in 
which pigs consumed the 0.067% DL-Met diet more than the basal diet (P < 0.05) and 
pigs consumed the 0.067% L-Met diet more than the 0.067% DL-Met diet (P < 0.05).
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Table 3.3.3. Growth performance and PUN concentrations of nursery pigs fed the diets containing graded levels of either DL-Met or L-Met (Exp. 3)
1,2
 
  Supplemental DL-Met, % Supplemental L-Met, % 
 
P-values 
Item Basal diet (BD) 0.033 0.067 0.100 0.033 0.067 0.100 SEM Diet 
BD vs. 
DL-Met 
BD vs. 
L-Met 
L-Met vs. 
DL-Met 
Body weight, kg 
  d 0 5.89 5.88 5.88 5.88 5.87 5.91 5.89 0.03 0.99 0.83 0.96 0.82 
  d 7 6.93 7.68 8.47 8.73 7.67 8.31 8.80 0.10 <0.0001 <0.0001 <0.0001 0.68 
  d 14 8.18 10.13 11.59 12.27 10.16 11.70 12.15 0.16 <0.0001 <0.0001 <0.0001 0.94 
  d 21 9.67 12.88 15.43 16.28 13.14 15.13 16.00 0.30 <0.0001 <0.0001 <0.0001 0.68 
ADG, kg/d 
  d 0-7 0.148 0.257 0.370 0.407 0.257 0.344 0.416 0.014 <0.0001 <0.0001 <0.0001 0.60 
  d 7-14 0.179 0.349 0.446 0.506 0.357 0.485 0.479 0.017 <0.0001 <0.0001 <0.0001 0.66 
  d 14-21 0.214 0.394 0.548 0.573 0.426 0.490 0.550 0.024 <0.0001 <0.0001 <0.0001 0.40 
  d 0-14 0.163 0.303 0.408 0.456 0.307 0.414 0.447 0.012 <0.0001 <0.0001 <0.0001 0.98 
  d 0-21 0.180 0.333 0.455 0.495 0.346 0.439 0.481 0.015 <0.0001 <0.0001 <0.0001 0.66 
ADFI, kg/d 
  d 0-7 0.337 0.442 0.545 0.599 0.420 0.529 0.619 0.021 <0.0001 <0.0001 <0.0001 0.75 
  d 7-14 0.359 0.593 0.754 0.853 0.584 0.810 0.804 0.025 <0.0001 <0.0001 <0.0001 0.97 
  d 14-21 0.422 0.718 0.944 0.973 0.781 0.898 0.916 0.035 <0.0001 <0.0001 <0.0001 0.65 
  d 0-14 0.348 0.517 0.649 0.726 0.502 0.670 0.711 0.020 <0.0001 <0.0001 <0.0001 0.85 
  d 0-21 0.372 0.584 0.747 0.808 0.595 0.745 0.780 0.022 <0.0001 <0.0001 <0.0001 0.72 
G:F ratio 
  d 0-7 0.439 0.582 0.682 0.679 0.612 0.651 0.677 0.023 <0.0001 <0.0001 <0.0001 0.96 
  d 7-14 0.495 0.588 0.593 0.597 0.610 0.601 0.596 0.023 0.04 0.002 0.001 0.63 
  d 14-21 0.508 0.546 0.582 0.590 0.543 0.545 0.603 0.016 0.01 0.002 0.0072 0.48 
  d 0-14 0.468 0.586 0.630 0.631 0.612 0.620 0.631 0.019 <0.0001 <0.0001 <0.0001 0.72 
  d 0-21 0.483 0.569 0.610 0.615 0.581 0.590 0.620 0.015 0.0002 <0.0001 <0.0001 0.94 
PUN, μg/mL 
  d 7 9.60 6.86 5.33 3.63 6.90 4.74 3.50 0.40 <0.0001 <0.0001 <0.0001 0.49 
  d 14 9.91 8.28 6.10 4.55 8.37 6.40 3.65 0.53 <0.0001 <0.0001 <0.0001 0.70 
  d 21 8.09 7.46 5.05 6.12 7.10 6.51 4.11 0.61 0.0031 0.02 0.01 0.89 
1 Least squares means of 4 replicates per treatment. 
2ADG = average daily gain, ADFI = average daily feed intake, G:F = gain:feed ratio, and PUN = plasma urea nitrogen. 
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Figure 3.3.5. Average daily gain (ADG), gain:feed (G:F) ratio and plasma urea nitrogen (PUN) concentrations of pigs with increasing level of 
either supplemental L-Met or DL-Met from d 0 to 7 in Exp. 3. 
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Figure 3.3.6. Average daily gain (ADG), gain:feed (G:F) ratio and plasma urea nitrogen (PUN) concentrations of pigs with increasing level of 
either supplemental L-Met or DL-Met from d 0 to 14 in Exp. 3.  
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Table 3.3.4. Preference/choice of basal diet vs. 0.067% supplemental Met (Exp. 3) 
 
ADFI
1
, kg/d 
 
% consumed 
  Item Basal diet 0.067% L-Met 
 
Basal diet 0.067% L-Met SEM P-values 
d 0-3 0.43 0.35 
 
54.98 45.02 9.48 0.50 
d 0-7 0.45 0.49 
 
47.57 52.43 6.45 0.61 
d 7-14 0.61 0.71 
 
47.59 52.41 8.69 0.71 
d 14-21 0.67 1.25 
 
37.22 62.78 17.73 0.42 
d 0-14 0.53 0.60 
 
47.47 52.53 7.35 0.64 
d 0-21 0.56 0.69 
 
39.98 60.02 17.00 0.49 
 
       
 
Basal diet 0.067% DL-Met 
 
Basal diet 0.067% DL-Met 
  
d 0-3 0.45 0.33 
 
58.86 41.14 7.2 0.16 
d 0-7 0.52 0.48 
 
51.76 48.24 1.99 0.26 
d 7-14 0.59 0.81 
 
42.48 57.52 5.79 0.12 
d 14-21 0.63 1.17 
 
32.96 67.04 11.71 0.18 
d 0-14 0.55 0.65 
 
46.21 53.79 3.67 0.19 
d 0-21 0.60 0.82 
 
41.92 58.08 1.86 0.03 
 
       
 
0.067% DL-Met 0.067% L-Met 
 
0.067% DL-Met 0.067% L-Met 
  
d 0-3 0.52 0.42 
 
52.98 47.02 12.8 0.76 
d 0-7 0.55 0.66 
 
44.47 55.53 8.13 0.37 
d 7-14 0.91 0.91 
 
49.82 50.18 11.53 0.98 
d 14-21 0.94 1.14 
 
45.38 54.62 3.13 0.17 
d 0-14 0.73 0.78 
 
47.58 52.42 10.11 0.75 
d 0-21 0.77 0.86 
 
47.08 52.92 0.33 0.01 
1ADFI = average daily feed intake. 
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Experiment 4 
There were treatment effects (P < 0.05) on BW, ADG, ADFI, and G:F ratio for 
all individual and combined experimental periods in which the Met supplementation 
groups always had greater BW, ADG, ADFI and G:F ratio (Table 3.3.5). In the 
comparison between the basal and DL-Met diets, pigs in the DL-Met group always had 
greater BW, ADG, ADFI, and G:F ratio (P < 0.01). Pigs in the DL-Met group had lower 
PUN concentrations than those in the control group for all periods (P < 0.01). In the 
comparison between the basal and L-Met diets, pigs in the L-Met group always had 
greater BW, ADG, ADFI, and G:F ratio (P < 0.01). Pigs in the L-Met group had lower 
PUN concentrations than those in the control group for the entire period (P < 0.01). In 
the comparison between DL-Met and L-Met diets, there were no statistically significant 
differences in BW, ADG, ADFI, G:F ratios and PUN concentrations except at d 14 in 
which PUN concentrations were greater in the L-Met group than the DL-Met group (P < 
0.05). Relative bioavailability of L-Met to DL-Met was 88.9, 135.3, and 100.3% for 
ADG, G:F ratio, and PUN concentrations for d 0-7, respectively (Figure 3.3.7). For d 0-
14 ADG, G:F ratio and PUN concentrations, relative bioavailability of L-Met to DL-Met 
was 92.9, 139.6, and 70.4% (Figure 3.3.8). The bioavailability of L-Met was greater than 
DL-Met based on G:F ratio (Table 3.3.7). There was no preference observed between 
basal, 0.080% DL-Met, and 0.080% L-Met diets (Table 3.3.6) during the entire 
experimental period except the d 7-14 (P < 0.05) and d 0-14 (P = 0.08) in which pigs 
consumed the basal diet greater than the 0.080% L-Met diet.  
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Table 3.3.5. Growth performance and PUN concentrations of nursery pigs fed the diets containing graded levels of either DL-Met or L-Met (Exp. 4)1-3 
  Supplemental DL-Met, % Supplemental L-Met, % 
 
P-values 
Item Basal diet (BD) 0.040 0.080 0.120 0.040 0.080 0.120 SEM Diet 
BD vs.  
DL-Met 
BD vs.  
L-Met 
L-Met vs.  
DL-Met 
Body weight, kg 
  d 0 6.08 6.00 6.10 6.08 6.10 6.15 6.18 0.06 0.54 0.75 0.40 0.11 
  d 7 6.67 7.30 8.14 8.00 7.43 7.99 8.09 0.16 <0.0001 <0.0001 <0.0001 0.86 
  d 14 7.87 10.30 12.63 12.10 10.61 12.09 12.24 0.25 <0.0001 <0.0001 <0.0001 0.88 
  d 21 9.15 13.63 16.79 16.24 14.32 15.99 16.37 0.36 <0.0001 <0.0001 <0.0001 0.98 
ADG, kg/d 
  d 0-7 0.085 0.185 0.292 0.274 0.189 0.264 0.273 0.018 <0.0001 <0.0001 <0.0001 0.59 
  d 7-14 0.155 0.389 0.580 0.530 0.411 0.529 0.538 0.019 <0.0001 <0.0001 <0.0001 0.64 
  d 14-21 0.206 0.528 0.668 0.662 0.595 0.624 0.657 0.025 <0.0001 <0.0001 <0.0001 0.77 
  d 0-14 0.121 0.292 0.443 0.409 0.306 0.403 0.412 0.015 <0.0001 <0.0001 <0.0001 0.53 
  d 0-21 0.146 0.363 0.509 0.484 0.391 0.469 0.485 0.016 <0.0001 <0.0001 <0.0001 0.79 
ADFI, kg/d 
  d 0-7 0.280 0.388 0.473 0.490 0.357 0.448 0.477 0.031 0.0011 0.0002 0.0007 0.38 
  d 7-14 0.344 0.660 0.909 0.860 0.668 0.872 0.868 0.039 <0.0001 <0.0001 <0.0001 0.84 
  d 14-21 0.451 0.925 1.174 1.136 0.992 1.108 1.099 0.041 <0.0001 <0.0001 <0.0001 0.72 
  d 0-14 0.312 0.524 0.691 0.675 0.513 0.660 0.673 0.031 <0.0001 <0.0001 <0.0001 0.57 
  d 0-21 0.358 0.658 0.852 0.829 0.673 0.809 0.815 0.032 <0.0001 <0.0001 <0.0001 0.60 
G:F ratio 
  d 0-7 0.302 0.477 0.617 0.561 0.532 0.585 0.569 0.025 <0.0001 <0.0001 <0.0001 0.61 
  d 7-14 0.448 0.588 0.640 0.625 0.614 0.607 0.622 0.025 0.0008 <0.0001 <0.0001 0.87 
  d 14-21 0.464 0.569 0.570 0.584 0.599 0.564 0.600 0.020 0.0026 0.0002 <0.0001 0.43 
  d 0-14 0.387 0.556 0.643 0.613 0.596 0.610 0.614 0.022 <0.0001 <0.0001 <0.0001 0.89 
  d 0-21 0.409 0.550 0.599 0.588 0.581 0.579 0.596 0.016 <0.0001 <0.0001 <0.0001 0.60 
PUN, μg/mL 
  d 7 6.55 4.27 2.15 2.32 3.85 2.48 2.59 0.32 <0.0001 <0.0001 <0.0001 0.82 
  d 14 6.51 3.93 3.08 2.59 5.10 3.26 2.75 0.29 <0.0001 <0.0001 <0.0001 0.04  
  d 21 6.60 5.11 3.52 2.77 6.24 3.18 2.67 0.36 <0.0001 <0.0001 <0.0001 0.45 
1 Least squares means of 4 replicates per treatment. 
2 One pig in 0.120% DL-Met treatment was removed from the experiment due to a sudden death immediately after bleeding at d 14 post-weaning. 
3ADG = average daily gain, ADFI = average daily feed intake, G:F = gain:feed ratio, and PUN = plasma urea nitrogen. 
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Figure 3.3.7. Average daily gain (ADG), gain:feed (G:F) ratio and plasma urea nitrogen (PUN) concentrations of pigs with increasing level of 
either supplemental L-Met or DL-Met from d 0 to 7 in Exp. 4.  
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Figure 3.3.8. Average daily gain (ADG), gain:feed (G:F) ratio and plasma urea nitrogen (PUN) concentrations of pigs with increasing level of 
either supplemental L-Met or DL-Met from d 0 to 14 in Exp. 4.  
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Table 3.3.6. Preference/choice of basal diet vs. 0.080% supplemental Met (Exp. 4) 
 
ADFI
1
, kg/d 
 
% consumed 
  Item Basal diet 0.080% L-Met 
 
Basal diet 0.080% L-Met SEM P-values 
d 0-7 0.43 0.50 
 
57.34 42.66 11.56 0.40 
d 7-14 0.83 0.83 
 
60.44 39.56 3.50 0.01 
d 14-21 0.92 1.00 
 
54.69 45.31 15.23 0.68 
d 0-14 0.63 0.44 
 
59.04 40.96 6.16 0.08 
d 0-21 0.71 0.52 
 
56.80 43.20 9.55 0.35 
 
       
 
Basal diet 0.080% DL-Met 
 
Basal diet 0.080% DL-Met 
  
d 0-7 0.48 0.34 
 
50.96 49.04 4.47 0.77 
d 7-14 0.83 0.60 
 
47.68 52.32 5.34 0.56 
d 14-21 1.05 0.69 
 
41.75 58.25 10.64 0.31 
d 0-14 0.52 0.56 
 
48.96 51.04 4.94 0.77 
d 0-21 0.57 0.72 
 
45.45 54.55 7.27 0.41 
 
       
 
0.080% DL-Met 0.080% L-Met 
 
0.080% DL-Met 0.080% L-Met 
  
d 0-7 0.43 0.44 
 
49.04 50.96 3.57 0.72 
d 7-14 0.79 0.60 
 
55.03 44.97 9.41 0.48 
d 14-21 0.64 0.82 
 
56.11 43.89 12.85 0.53 
d 0-14 0.74 0.66 
 
53.05 46.95 7.23 0.57 
d 0-21 0.85 0.70 
 
54.35 45.65 9.38 0.54 
1ADFI = average daily feed intake. 
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Table 3.3.7. Relative bioavailability from ADG, G:F ratio and PUN concentrations in Exp.1, 2, 3, and 4. 
(y = B1 + B2 (1 - e 
-(B3x1 + B4x2)))
1
 
Item B1 B2 B3 B4 R
2
 Bioavailability SE 
Experiment 1 
       
ADG (d 0-7) 0.164 0.124 -12.5 -45.9 0.31 368.4 545.7 
ADG (d 0-14) 0.206 0.176 -38.5 -42.8 0.62 111.1 87.6 
G:F ratio (d 0-7) 0.599 0.117 -7.6 - 0.24 - - 
G:F ratio (d 0-14) 0.591 0.094 - -47498.2 0.52 - - 
PUN (d 7) 8.097 -4.770 -27.7 -26.8 0.71 96.8 40.6 
Experiment 2 
    
 
  
ADG (d 0-7) 0.113 0.229 -15.1 -9.3 0.63 61.8 18.3 
ADG (d 0-14) 0.143 0.306 -18.3 -11.5 0.87 63.0 10.0 
G:F ratio (d 0-7) 0.475 0.294 -20.6 -15.1 0.24 73.2 54.0 
G:F ratio (d 0-14) 0.491 0.176 -31.7 -23.9 0.67 75.3 28.6 
PUN (d 7) 5.913 -1.890 -43.5 -21.8 0.15 50.1 79.0 
PUN (d 14) 10.307 -9.545 -11.0 -10.8 0.79 97.9 16.1 
Experiment 3 
    
 
  
ADG (d 0-7) 0.145 0.446 -9.4 -9.0 0.90 95.9 9.1 
ADG (d 0-14) 0.161 0.374 -15.5 -15.6 0.92 100.4 10.0 
G:F ratio (d 0-7) 0.438 0.255 -29.9 -31.3 0.78 104.6 28.2  
G:F ratio (d 0-14) 0.468 0.164 -42.0 -61.8 0.74 147.3 69.9  
PUN (d 7) 9.567 -9.634 -9.3 -10.1 0.79 108.5 16.1 
PUN (d 14) 9.889 -105.800 -0.4 -0.5 0.74 104.1 20.5 
Experiment 4 
    
 
  
ADG (d 0-7) 0.080 0.230 -19.5 -17.3 0.64 88.9 27.1 
ADG (d 0-14) 0.117 0.333 -23.4 -21.7 0.81 92.9 20.6 
G:F ratio (d 0-7) 0.298 0.290 -30.8 -41.7 0.73 135.3 55.4 
G:F ratio (d 0-14) 0.386 0.236 -37.6 -52.5 0.80 139.6 59.0 
PUN (d 7) 6.626 -4.713 -22.2 -22.3 0.73 100.3 27.7 
PUN (d 14) 6.608 -4.569 -19.9 -14.0 0.77 70.4 15.8 
1ADG = average daily gain, G:F = gain:feed ratio, and PUN = plasma urea nitrogen. 
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3.4. Discussion 
A series of 4 experiments for nursery pigs were conducted with different basal Met 
levels and different supplemental Met levels with 2 Met sources (DL-Met and L-Met) to 
evaluate the L-Met bioavailability relative to DL-Met. Methionine supplementation to the Met-
deficient basal diets always increased growth rate, feed consumption and feed efficiency and 
decreased PUN concentrations throughout all 4 experiments. This demonstrated that the low 
Met basal and the graded levels of supplemental Met was a valid experimental model. This 
result agrees with Shen et al. (2014), who reported that Met supplementation to the low Met 
diet increased growth rate, feed intake and as well as feed efficiency but decreased PUN 
concentrations regardless of the sources. In broiler studies, DL- and L-Met added to vegetal-
based diets with the same molar basis promoted growth performance with no difference 
between Met sources under cyclic heat stress conditions (Ribeiro et al., 2005).  
In the comparison between the DL-Met and L-Met diets, the G:F ratio and PUN 
concentrations were not different between the 2 Met sources across all 4 experiments with no 
difference in growth rate and feed intake in Exp. 3 and 4. However, there were some 
inconsistent results observed across the 4 experiments. In Exp. 1, L-Met supplementation 
increased growth rate and feed efficiency more than DL-Met supplementation in the first week 
of post weaning. However, this response was diminished after the first week resulting in no 
differences in growth performance between the Met sources in the overall experimental periods. 
In Exp. 2, even though DL-Met supplementation increased growth rate and feed consumption 
compared to L-Met supplementation in the first 2 week after weaning, growth rate was not 
different among all dietary treatments in the last period (d 14-21). Shen et al. (2014) reported 
that L-Met supplementation improved feed efficiency during the entire period (d 0-20 
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postweaning) whereas DL-Met supplementation had no effect in d 15-20. Additionally, in d 0-
14, and d 0-21 in Exp. 1, the pigs fed the highest L-Met level had lower growth rate than those 
fed the highest DL-Met level, and the 2
nd
 highest level of L-Met had the greatest growth rate in 
the L-Met supplementation groups. The lower effect of the highest L-Met supplementation 
might be attributed to the high Met intake above its requirement (NRC, 2012) when calculated 
on a daily intake basis (Table 3.4.1). It has been reported that excessive Met supplementation 
depressed feed intake in young pigs (Edmonds and Baker, 1987)  
Unlike in Exp. 1, DL-Met supplementation increased growth performance greater than 
L-Met supplementation in Exp. 2 with an increase of feed intake in pigs fed DL-Met diet 
compared to L-Met diet for the overall period even though overall Met intake was reduced by 
decreasing both the Met content in the basal diet and the supplementation level of Met products. 
The high usage of plasma protein and whey (which have fine particle sizes) and grease in the 
nursery diet often leads to poor feed flow in the feeder that might limit normal feed 
consumption of pigs. Because of significant differences in feed intake of pigs in Exp. 2, 
preference trials were conducted in Exp. 3 and 4 with the comparison among basal diets, and 
the 2
nd
 highest level of each Met source with new diet formulations. The new formulations for 
Exp 3 and 4 used a greater amount of SBM and less plasma protein and grease compared to 
Exp. 2 diets to improve feed flow that was observed in Exp. 3 and by using whey permeate in 
Exp. 4 to achieve an even lower SID Met level in the basal diet. In both Exp. 3 and 4, there was 
no general preference observed among basal, DL- and L-Met diets during the entire 21d 
experimental periods. There seemed to be preference for L-Met over DL-Met numerically in 
Exp.3, but statistically meaningful result was not obtained. Therefore, further study is needed to 
clearly confirm the preference between Met sources. It has been reported that piglets were able 
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to discriminate Met-deficient and Met-balanced diets in which piglets prefer a diet with 
balanced Met over a Met-deficient diet (Roth et al., 2006) and that excessive Met 
supplementation over 2% depressed feed intake (Edmonds and Baker, 1987) indicating that 
there is a potential to reduce feed palatability by excessive Met supplementation. However, in 
the current studies, the highest Met supplementation level was 0.160% which is a much lower 
level than what Edmonds and Baker (1987) described as excessive. Therefore, the results of the 
preference studies were that there was no clear preference for the DL-Met or L-Met sources.  
The relative bioavailability was calculated according to both the supplementation level 
(i.e., percentage of supplemental Met in the diet) and the actual intake of supplemental Met (i.e., 
grams of Met intake per day) for all 4 experiments (Table 3.4.2). There were no differences 
between the results for the two methods and, therefore, no differences in interpretation of the 
data. For the difference in R
2 
between the estimations based on supplementation level and 
actual intake of supplemental Met for d 0-7 and d 0-14 periods, the result of actual 
supplemental Met intake basis projected values in a range from 99.0 to 109.2% with average 
101.2% compared to those of supplemental Met level basis. In terms of comparison between 
the values for bioavailability, the result of actual supplemental Met intake basis projected 
values in a range from 86.6 to 121.5% with average 103.7% by removing the lowest (55.0%). 
By removing the highest and lowest values from the tables for experiment and recomputing the 
mean relative difference between methods making the averages, almost the same results were 
obtained from this analysis, therefore the Met supplementation level was decided to be used in 
these presentations because that is more readily understood.  
Regarding the results of relative bioavailability of L-Met to DL-Met, the values were 
extremely large based on the estimation by G:F ratio in Exp. 1, and L-Met bioavailability was 
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lower than DL-Met based on all response measures in Exp. 2 except for overall (d 0-21) G:F 
ratio. However, in Exp. 3, relative bioavailability of L-Met to DL-Met was 104.6, 147.3, and 
100.6% for d 0-7, d 0-14, and overall G:F ratio, respectively and 135.3, 139.6, and 167.8% for 
d 0-7, d 0-14, and overall G:F ratio, respectively in Exp. 4. However, even though the relative 
bioavailability of L-Met seemed to be greater than DL-Met based on the estimation by G:F 
ratio in Exp. 3, and 4, that of L-Met was slightly lower or not different compared with DL-Met 
based on the estimation by ADG. Therefore, because of inconsistent results across the 4 
experiments, it might be suggested that relative bioavailability between DL-Met and L-Met was 
not different for nursery pigs. A similar study demonstrated that L-Met bioavailability relative 
to DL-Met was not different for optimal growth performance of weaned pigs at 7 to 13 kg BW 
(Htoo and Dusel, 2015). Conversely, Shen et al. (2014) reported that L-Met bioavailability to 
DL-Met was 143.8% (40.2-247.4% for 95% confidence interval) based on ADG, 122.7% (25.6-
219.8% for 95% confidence interval) based on G:F ratio, and 160.2% (5.8-314.6% for 95% 
confidence interval) based on PUN concentrations with weaned pigs at 7 kg. However, the 
error terms represent that the relative bioavailability did not differ from 100%. In weanling pigs 
at 14.77 kg BW, L-Met bioavailability was 105.5 and 130.9% based on ADG and feed 
conversion ratio, respectively (Júnior et al., 2015). Additionally, it has been reported that D-
Met is 50% efficacious compared to L-Met in pigs weaned at 3 day of age (Kim and Bayley, 
1983), and L-Met was more efficient for protein synthesis in breast muscle, skin and brain than 
DL-Met as a protein precursor (Saunderson, 1985). In contrast, the current study did not 
demonstrate greater L-Met bioavailability relative to DL-Met in weaning pigs.  
  
 
6
8
 
Table 3.4.1. Estimated daily requirement and actual intake of Met in Exp. 1 and Exp. 2
1
 
  
Supplemental DL-Met, % Supplemental L-Met, % 
Item Basal diet  0.053 0.107 0.160 0.053 0.107 0.160 
Experiment 1 
       Daily total Met requirement, g/day 
       d 0-7 1.54 1.61 1.61 1.62 1.60 1.67 1.63 
d 7-14 1.88 2.16 2.16 2.19 2.14 2.26 2.18 
d 14-21 2.39 2.78 2.79 2.84 2.76 2.88 2.79 
d 0-14 1.75 1.99 1.98 2.01 1.95 2.05 2.00 
d 0-21 2.13 2.40 2.41 2.45 2.38 2.48 2.40 
Difference between actual daily Met intake and requirement, g/day
2
 
d 0-7 -0.97 -0.70 -0.36 -0.25 -0.66 -0.26 -0.17 
d 7-14 -0.99 -0.34 0.09 0.52 -0.45 0.08 0.50 
d 14-21 -0.66 0.00 0.58 1.15 -0.04 0.56 0.92 
d 0-14 -1.02 -0.63 -0.23 0.03 -0.63 -0.17 0.07 
d 0-21 -1.07 -0.56 -0.12 0.24 -0.60 -0.08 0.22 
Experiment 2 
       Daily total Met requirement, g/day 
       d 0-7 1.48 1.54 1.63 1.62 1.52 1.59 1.59 
d 7-14 1.71 1.99 2.22 2.21 1.95 2.10 2.13 
d 14-21 1.99 2.46 2.78 2.80 2.48 2.65 2.69 
d 0-14 1.62 1.84 2.02 2.01 1.82 1.92 1.95 
d 0-21 1.78 2.11 2.35 2.38 2.14 2.27 2.29 
Difference between actual daily Met intake and requirement, g/day
2
 
    d 0-7 -0.99 -0.81 -0.45 -0.33 -0.83 -0.59 -0.47 
d 7-14 -1.09 -0.64 0.00 0.38 -0.58 -0.24 0.04 
d 14-21 -1.24 -0.88 -0.41 0.01 -0.66 -0.39 -0.12 
d 0-14 -1.07 -0.80 -0.32 -0.07 -0.79 -0.49 -0.31 
d 0-21 -1.16 -0.89 -0.42 -0.15 -0.85 -0.56 -0.34 
1NRC (2012) Growth Model Program was used for the calculation of daily total Met requirement using average body weight for each period and ME values from 
each diet. 
2Difference of total Met intake (g/day) = Total Met intake (g/day) – Recommended total Met intake (g/day). 
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Table 3.4.2. Comparison of R-square (R
2
) and SE values between relative bioavailability (RB, %) 
of L-Met to DL-Met estimated by supplementation level and actual intake of Met
1,2
 
 
Supplementation level basis 
 
Actual intake basis 
 
Comparison (%)
2
 
Item RB R
2
 SE 
 
RB R
2
 SE 
 
RB R
2
 
Experiment 1 
    
 
   
  
ADG (d 0-7) 368.4 0.31 545.7 
 
348.7 0.30 444.8 
 
94.7 99.1 
ADG (d 0-14) 111.1 0.62 87.6 
 
108.5 0.62 83.3 
 
97.6 100.2 
G:F ratio (d 0-7) -
3
 0.24 - 
 
- - - 
 
- - 
G:F ratio (d 0-14) - 0.52 - 
 
- 0.52 - 
 
- - 
PUN (d 7) 96.8 0.71 40.6 
 
88.0 0.71 41.6 
 
90.9 99.7 
Experiment 2 
    
 
   
  
ADG (d 0-7) 61.8 0.63 18.3 
 
65.8 0.65 22.1 
 
106.1 104.1 
ADG (d 0-14) 63.0 0.87 10.0 
 
65.3 0.85 13.8 
 
101.9 101.3 
G:F ratio (d 0-7) 73.2 0.24 54.0 
 
70.2 0.24 65.7 
 
95.9 101.1 
G:F ratio (d 0-14) 75.3 0.67 28.6 
 
66.5 0.67 32.0 
 
88.4 99.0 
PUN (d 7) 50.1 0.15 79.0 
 
27.6 0.15 114.3 
 
55.0 102.1 
PUN (d 14) 97.9 0.79 16.1 
 
108.2 0.79 22.5 
 
110.5 100.2 
Experiment 3 
    
 
   
  
ADG (d 0-7) 95.9 0.90 9.1 
 
96.1 0.90 12.4 
 
100.2 100.5 
ADG (d 0-14) 100.4 0.92 10.0 
 
100.4 0.93 13.4 
 
100.0 100.4 
G:F ratio (d 0-7) 104.6 0.78 28.2 
 
121.1 0.78 39.3 
 
115.8 100.3 
G:F ratio (d 0-14) 147.3 0.74 69.9 
 
162.6 0.75 86.1 
 
110.4 100.3 
PUN (d 7) 108.5 0.79 16.1 
 
116.5 0.79 24.4 
 
107.3 99.6 
PUN (d 14) 104.1 0.74 20.5 
 
109.6 0.80 13.4 
 
105.3 109.2 
Experiment 4 
    
 
   
  
ADG (d 0-7) 88.9 0.64 27.1 
 
96.9 0.65 35.7 
 
109.0 101.6 
ADG (d 0-14) 92.9 0.81 20.6 
 
95.6 0.83 24.3 
 
102.9 102.0 
G:F ratio (d 0-7) 135.3 0.73 55.4 
 
164.4 0.74 71.1 
 
121.5 101.3 
G:F ratio (d 0-14) 139.6 0.80 59.0 
 
156.5 0.81 69.8 
 
112.1 100.9 
PUN (d 7) 100.3 0.73 27.7 
 
117.6 0.74 38.7 
 
117.3 101.3 
PUN (d 14) 70.4 0.77 15.8 
 
61.0 0.78 17.1 
 
86.6 100.9 
1ADG = average daily gain, G:F = gain:feed ratio, and PUN = plasma urea nitrogen. 
2The values were calculated by dividing the bioavailability or R2 value on an actual intake basis by that on a supplementation 
level basis. 
3Values exceeded biological limit. 
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3.5. Conclusions 
In the 4 series of experiments, the relative bioavailability of L-Met was evaluated with 
4 different basal Met levels by using the slope ratio assay. The summit diet mixing concept was 
applied into the diet mixing procedure for all experiments. The free Met analysis demonstrated 
linear increases of supplemental Met levels in the diets for either DL-Met or L-Met source in all 
4 experiments with 0.99 to 1.00 R
2
 values. Therefore, using summit diet mixing procedure for 
mixing diets is required for the studies that use the slope ratio assay methodology to evaluate the 
relative bioavailability between different AA sources. In addition, analyzing AA composition for 
ingredients and the experimental diets including free AA prior to experiments is critical to ensure 
a proper diet formulation and mixing, and verify actual AA level in the diets which lead to a 
clear response and less variation.  
Met supplementation to a low-Met basal diet always showed the improvements in 
growth compared to the Met-deficient basal diet indicating that Met was the limiting AA in the 
study; thus the model for evaluation was validated. Even though there were inconsistent 
responses between DL- and L-Met supplementation, overall those 2 Met sources appeared to 
have no difference in bioavailability for nursery pigs. Additionally, there was no general feed 
preference exhibited for the DL-Met or L-Met diets. Consequently, the hypothesis that L-Met 
has a greater capability to enhance growth performance compared to DL-Met was not confirmed. 
Whether the occasional differences seen between sources were due to slight differences in feed 
ingredients or to the age/weight of the pigs or whether those occasional differences were the 
random differences seen across experiments cannot be determined. 
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APPENDICES 
Appendix 1. Methodology of evaluation of relative bioavailability between AA sources 
1.1. Slope ratio assay (Littell et al., 1997)  
The slope ratio assay is the most common assay used to evaluate the relative 
bioavailability between different AA sources. It is important to know the relative bioavailability 
of one nutrient source relative to another in terms of optimal growth performance (or other 
biological response) when one source is replaced with another one in order to accurately 
compute economic aspects. In the slope ratio assay, it is assumed that there is linear or 
exponential relationship between a response measure and supplementation level of both test and 
standard nutrient sources, respectively. For example, when the response measure has a linear 
relationship with the common basal value in both standard and test nutrients, the equation for 
regression lines are calculated for the linear relationship; y=a + bsxs + btxt for the standard and 
test nutrient with the common value for the intercepts when the amounts of the standard and test 
substances produce equivalent values of the response. Then relative bioavailability value = bt/bs, 
the ratio of slopes of the regression lines. Therefore the name is slope ratio assay. Additionally, 
for the calculation of AA relative bioavailability, the exponential relationship between a response 
measure (e.g. ADG, and G:F ratio) and the supplementation level is commonly observed so that 
the equation of regression; y = B1 + B2 (1 - e 
-(B
3
x
1 + B4x2)) is used to estimate the relative bioavailability. 
In pigs, response criteria are most often production trait such as BW, weight gain or feed 
efficiency (Lemme et al., 2002; Liu et al., 2004; Kim et al., 2006; Shen et al., 2014). Furthermore, 
metabolic traits such as PUN concentrations (Shen et al., 2014), N retention rate (Kim et al., 
2006) and the indicator AA oxidation method (Shoveller et al., 2003) have also been used for 
relative bioavailability.   
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1.2. Summit concept in feed mixing 
The summit concept for feed mixing is introduced by Fisher and Morris (1970). For this 
experiment, the graded supplementation method was applied. Intermediate diets were created by 
blending the basal diet and the summit diet that contains the highest level of the target AA (or 
whatever nutrient is being studied). The advantage of using this method is that it can reduce 
weighing errors derived from continuously adding small amount of target AA and that it keeps 
same AA balance in all treatment diets except target AA. Also, it reduces diet-to-diet variation 
and assures the graded supplementation levels in the intermediate treatment diets. The other 
advantage is that it is easy to attribute an extreme value obtained from the lab to sampling error 
or lab error rather than to mixing error. Here is the procedure for the method; 1) Mix a large 
amount of the basal diet with no supplemental Met. 2) Mix high Met diet by adding the highest 
assigned amount of supplemental Met (the summit diets) to the basal diet. 3) Blend the basal diet 
with the high Met diet to prepare the intermediate level diets. 
 
 
 
  
 73 
 
 
1.3. Assay to determine PUN concentration 
The PUN assay kit (Pointe Scientific, Inc., Canton MI) was used to measure 
the plasma urea nitrogen content. Urea, which is an end product of protein metabolism, 
is excreted by the kidney. Blood urea nitrogen varies directly with protein intake and 
inversely with the rate of excretion of urea.  
 
Samples used: 
The blood samples were collected in tubes containing heparin every week for 
3-week experimental period. The blood samples were centrifuged at 1,690 g at 4°C for 
30 min to obtain plasma. The top layer of the centrifuged blood sample was transferred 
to micro-tube for storage and these samples were stored at -20°C for future analysis. 
Urea in serum is stable up to 24 hours at room temperature, for at least several days at 4-
6°C, and for at least 2-3 months when frozen. 
 
Reagents: 
The following reagents should be stored at 2-8°C and can be used until the 
expiration date indicated on the individual bottle: 
 
1) Enzyme reagent 
A solution of urease is buffered at pH 6.7 – 6.8 also containing preservative 
and stabilizers. Avoid contamination. Store at 2-8°C. Exercise the normal precautions 
required for the handling of all laboratory reagents. Pipetting by mouth is not 
recommended. 
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2) Color reagent 
A solution is containing sodium salicylate, sodium nitroferricyanide and 
preservative. Avoid contamination. Store at 2-8°C. Do not ingest. Exercise the normal 
precautions required for the handling of all laboratory reagents. Do not pipette by mouth. 
3) Base reagent 
A solution is containing sodium hydroxide and sodium hypochlorite. Avoid 
contamination. Store at 2-8°C. Corrosive! In case of contact, flush affected area with 
large amounts of water. Seek medical attention. 
4) Standard (25 mg/dl) 
A solution containing urea is equivalent to 25 mg/dl with preservative. Avoid 
contamination. Store at 2-8°C. Exercise the normal precautions required for the 
handling of all laboratory reagents. Pipetting by mouth is not recommended. 
 
Assay Procedures:  
1) A 0.5 ml of color reagent was transferred to tubes labeled: unknown, control, 
standard and blank. 
2)  A 0.010 ml (10ul) of standard, blank and samples were added to its corresponding 
tubes. 
3)  A 0.5 ml of enzyme reagent was added to all tubes and mixed gently and incubated 
at room temperature for 10 minutes 
4)  A 2.0 ml of base reagent was added to all tubes and mixed gently. All tubes were 
incubated at room temperature for 10 minutes 
5) The wavelength of the photometer was set at 630nm and the photometer was set to 0 
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with the blank. The absorbance of all tubes were read and recorded. The calculation 
below was used for the PUN concentrations. 
 
Result calculations 
The tube was read at the wave length of 630nm. To obtain results in terms of 
concentration of the PUN concentration, the equation below is used, where: A = 
absorbance, U = unknown, S = standard, C = concentration: 
A (U) x C(S) mg/dl = C (U) mg/dl 
A (S) 
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Appendix 2. Graphs of average daily gain (ADG), gain:feed (G:F) ratio and plasma urea 
nitrogen (PUN) concentrations of pigs with increasing level of either supplemental L-Met or DL-
Met in Exp. 1, 2, 3 and 4. 
Exp. 1.                                 ADG (D 7-14) 
 
                                  
ADG (D 14-21) 
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y = 0.25 + 0.24 (1 - e -(73.84x1 + 32.93x2)) 
R2 = 0.7895 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 44.6% (SE = 60.2) 
0.200  
0.300  
0.400  
0.500  
0.600  
0.700  
0.800  
0.900  
0.000  0.050  0.100  0.150  0.200  
A
D
G
, 
k
g
/d
 
Supplemental Met, % 
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L-Met 
y = 0.51 + 0.14 (1 - e -(26.80x1 + 45.79x2)) 
R2 = 0.3194 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 170.9% (SE =244.01 ) 
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ADG (D 0-21) 
 
G:F ratio (D 7-14) 
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Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 130.8% (SE =106 ) 
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Supplemental Met, % 
DL-Met 
L-Met 
DL-Met 
L-Met 
y = 0.60 + 0.08 (1 - e -(3550.3x1 + x2)) 
R2 = 0.2151 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) =18.1 % (SE = 51970) 
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G:F ratio (D 14-21) 
 
 
G:F ratio (D 0-21) 
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y = 0.60 + 0.01 (1 - e -(2.69x1 + 42.28x2)) 
R2 = 0.0503 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 4.1497E11% (SE = ~ ) 
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Supplemental Met, % 
DL-Met 
L-Met 
DL-Met 
L-Met 
y = 0.61 + 0.05 (1 - e -(17.02x1 + 16985.5x2)) 
R2 = 0.3891 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 28100% (SE = ~ ) 
 79 
 
 
PUN concentrations (D 21) 
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Supplemental Met, % 
DL-Met 
L-Met 
DL-Met 
L-Met 
y = 10.51 - 5.21 (1 - e -(32.07x1 + 27.13x2)) 
R2 = 0.6660 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 84.6% (SE = 42.8) 
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Exp. 2.                                 ADG (D 7-14) 
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y = 0.17 + 0.39 (1 - e -(20.65x1 + 13.26x2)) 
R2 = 0.8899 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 64.2% (SE =9.6) 
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Supplemental Met, % 
DL-Met 
L-Met 
DL-Met 
L-Met 
y = 0.19 + 0.33 (1 - e -(22.95x1 + 34.07x2)) 
R2 = 0.6468 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 148.4% (SE = 61.5) 
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ADG (D 0-21) 
 
G:F ratio (D 7-14) 
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Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 80.9% (SE =14.9) 
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Supplemental Met, % 
DL-Met 
L-Met 
DL-Met 
L-Met 
y = 0.51 + 0.13 (1 - e -(56.52x1 + 53.12x2)) 
R2 = 0.2831 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 94.0% (SE = 154.5) 
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G:F ratio (D 14-21) 
 
G:F ratio (D 0-21) 
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y = 0.50 + 0.12 (1 - e -(-10.10x1 + 20.47x2)) 
R2 = 0.2256 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 202.8% (SE = 168.7) 
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Supplemental Met, % 
DL-Met 
L-Met 
DL-Met 
L-Met 
y = 0.49 + 0.15 (1 - e -(22.20x1 + 24.29x2)) 
R2 = 0.7317 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 109.4% (SE =31.3) 
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PUN concentrations (D 21) 
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y = 9.08 - 20.97 (1 - e -(2.87x1 + 2.64x2)) 
R2 = 0.8139 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 91.8% (SE = 10.4) 
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Exp. 3.                                 ADG (D 7-14) 
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y = 0.18 + 0.37 (1 - e -(20.48x1 + 22.20x2)) 
R2 = 0.8692 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 108.4% (SE =17.0) 
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y = 0.21 + 0.41 (1 - e -(21.398x1 + 18.89x2)) 
R2 = 0.8542 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 88.3% (SE = 14.3) 
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ADG (D 0-21) 
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y = 0.18 + 0.38 (1 - e -(17.72x1 + 16.95x2)) 
R2 = 0.9196 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 95.7% (SE = 10.2) 
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Supplemental Met, % 
DL-Met 
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y = 0.50 + 0.10 (1 - e -(63.00x1 + 8411x2)) 
R2 = 0.4768 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 150640 % (SE = ~) 
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G:F ratio (D 14-21) 
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y = 0.51 + 0.24(1 - e -(4.63x1 + 4.00x2)) 
R2 = 0.4058 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 86.5% (SE =26.5 ) 
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Supplemental Met, % 
DL-Met 
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y = 0.48 + 0.14 (1 - e -(32.40x1 + 32.58x2)) 
R2 = 0.7135 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 100.6% (SE =33.4) 
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PUN concentrations (D 21) 
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Supplemental Met, % 
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y = 8.16 - 81.22 (1 - e -(0.32x1 + 0.38x2)) 
R2 = 0.4407 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 120.2% (SE = 35.0) 
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Exp. 4.                              ADG (D 7-14) 
 
 
ADG (D 14-21) 
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y = 0.15 + 0.43 (1 - e -(25.251 + 24.08x2)) 
R2 = 0.8459 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 95.4% (SE =20.0) 
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y = 0.20 + 0.46 (1 - e -(33.95x1 + 43.86x2)) 
R2 = 0.9120 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 129.2% (SE =28.6) 
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ADG (D 0-21) 
 
G:F ratio (D 7-14) 
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y = 0.14 + 0.37 (1 - e -(27.05x1 + 27.26x2)) 
R2 = 0.8679 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 100.8% (SE =20.6) 
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Supplemental Met, % 
DL-Met 
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y = 0.45 + 0.18 (1 - e -(45.17x1 + 65.58x2)) 
R2 = 0.6660 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 145.2% (SE =116.4) 
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y = 0.46 + 0.12 (1 - e -(45.18x1 + 11868x2)) 
R2 = 0.5558 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = ~ % (SE = ~ ) 
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y = 0.41 + 0.18 (1 - e -(39.96x1 + 67.08x2)) 
R2 = 0.8175 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 167.8% (SE =90.6) 
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PUN concentrations (D 21) 
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Supplemental Met, % 
DL-Met 
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DL-Met 
L-Met 
y = 6.87 - 13.36 (1 - e -(3.29x1 + 3.22x2)) 
R2 = 0.7497 
Relative effectiveness: 
DL-Met(x1) = 100.0% 
L-Met(x2) = 97.9% (SE =13.5) 
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